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ABSTRACT
Photoscreening is a technique that is typically applied in mass pediatric
vision screening due to advantage of its objective, binocular, and cost-effective
nature. Through the retinal reflex image, ocular alignment and refractive status
are evaluated. In the USA, this method has screened millions of preschool
children in the past years. Nevertheless, the efficiency of the screening has been
contentious. In this dissertation, the technique is reviewed and reexamined.
Revisions of photoscreening technique are developed to detect and quantify
strabismus, refractive errors, and high-order ocular aberrations. These new
optical designs overcome traditional design deficiencies in three areas:
First, a Dynamic Hirschberg Test is conducted to detect strabismus. The
test begins with both eyes following a moving fixation target under binocular
viewing, and during the test each eye is designed to be unconscientiously
occluded which forces refixation in strabismus subjects and reveals latent
strabismus. Photoscreening images taken under monocular viewing are used to
calculate deviations from the expected binocular eye movement path. A
significant eye movement deviation from binocular to monocular viewing
indicates the presence of strabismus.
Second, a novel binocular adaptive photorefraction (APR) approach is
developed to characterize the retinal reflex intensity profile according to the eye‟s
refractive state. This approach calculates the retinal reflex profile by integrating
the retinal reflex intensity from a coaxial and several eccentric photorefraction
images. Theoretical simulations evaluate the influence from several human
factors. An experimental APR device is constructed with 21 light sources to
increase the spherical refraction detection range. The additional light source
angular meridians detect astigmatism. The experimentally measured distribution
is characterized into relevant parameters to describe the ocular refraction state.
Last, the APR design is further applied to detect vision problems that
suffer from high-order aberrations (e.g. cataracts, dry eye, keratoconus). A
monocular prototype APR device is constructed with coaxial and eccentric light
sources to acquire 13 monocular photorefraction images.
Light sources
projected inside and along the camera aperture improve the detection sensitivity.
The acquired reflex images are then decomposed into Zernike polynomials, and
the complex reflex patterns are analyzed using the Zernike coefficient
magnitudes.
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1 INTRODUCTION TO PHOTOSCREENING
Vision impairment affects over 150 million Americans and represents one of
the most feared disabilities. Vision loss robs people of their mobility,
independence, and quality of life and costs taxpayers. Recently, Prevent
Blindness America released a report that estimated the costs associated with
vision problems in the United States at $51.4 billion, an amount that exceeds the
total combined profits of the top two 2006 Fortune 500 companies, Exxon Mobil
and Wal-Mart Stores (Prevent Blindness America, 2007). Although it is believed
that half of all blindness can be prevented if found early, the number of people
who suffer vision loss continues to increase in America (Prevent Blindness
America; National Eye Institute, 2002). As the age of the general population
increases vision problems that primarily affect the elderly (e.g. cataracts,
glaucoma and macular degeneration) will become even more detrimental.
Clearly, timely vision examinations are essential for our healthcare system.

1.1

Pediatric Vision Screening
1.1.a Vision problems

Refractive errors are the most frequent eye problems in the United States
(Prevent Blindness America, 2005). Figure 1-1 illustrates normal vision (i.e.
emmetropia), myopia, hyperopia, and astigmatism. Emmetropia describes the
state of vision where an object at infinity sharply focuses onto the retina with the
eye‟s lens in a neutral or relaxed state. Myopia (near-sightedness) and
hyperopia (far-sightedness) are refractive errors of too much- or too little- optical
power, respectively, that result in light either being focused in front (myopia) or
behind (hyperopia) the eye‟s retina. The top ranked contributors of myopia and
hyperopia are improper: axial length, cornea curvatures, and crystalline lens
surface curvature. Myopia (or hyperopia) is corrected by adding a negative (or
positive) power spherical lens in front of the eye. Astigmatism results when the
refractive error is not rotationally symmetric, thereby causing the light in the 2
major meridians to focus at different locations. Astigmatism usually occurs when
the front corneal surface has an irregular (football-like) curvature due to pressure
from the eye lids. Astigmatism is corrected by adding an additional cylindrical
lens to a spherical lens. Most ophthalmic practitioners do not make a distinction
between refractive errors and refractive correction; although from a practical
point of view they should be opposite (Atchison & Smith, 2000). For example,
strictly speaking a 2 diopter myopic eye should be referred to a myopic eye
corrected by a -2 diopter lens or a myopic eye requiring a -2 diopter correction.
For reference, the optical power of a focusing optical element is defined to be the
reciprocal of its focal length as measured in meters, and Diopter (D=1/m) is the
accepted unit of measure.
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Figure 1-1: Optical descriptions of emmetropia, myopia, hyperopia, and
astigmatism (left), required optical correction lens (middle), and corrected focus
onto retinal surface (right).
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Strabismus is an abnormal condition of the eye-muscles in which the eyes are
not properly aligned with each other. To develop stereo vision or visual
perception, a child needs two healthy eyes that work well together. Strabismus
may also affect a child's personality. The cosmetic defect makes a child look
different and may cause feelings of embarrassment. One in 50 children in
America has strabismus (Prevent Blindness America, 2005). Although an illness
or accident may cause strabismus, approximately half of these one-in-fifty cases
are congenital. Figure 1-2 shows a pictorial representation of the different types
of strabismus. The primary strabismus types are: 1) esotropic when a strabismic
eye is directed inwards (towards the nose), 2) exotropic when a strabismic eye is
directed outwards (away from the midline), 3) hypertropic when a strabismic is
directed upwards, and 4) hypotropic when a strabismic eye is directed
downward. Treatment is given with eyeglasses or prisms, vision therapy, and
surgery; depending on the underlying reason for the misalignment.
Amblyopia (lazy eye) is a condition that develops in early childhood when
significant monocular vision problems are left untreated, thereby leading to the
hindrance of proper development of the brain‟s binocular function (Kemper,
Margolis, Downs, & Bordley, 1999; U. S. Preventive Services Task Force, 1996).
More than one in 50 school aged children has amblyopia. Amblyopia develops
when the strong eye takes on more of the job of seeing while the weak eye is
used less. As the situation continues, the weak eye will be able to see less and
less, and the binocular vision will continue to deteriorate until finally amblyopia
develops.
In addition to strabismus, which was previously discussed, the other common
cause of amblyopia is anisometripia (Simons, 1996; Von Noorden, 1990).
Anisometropia is a condition in which the two eyes have an unequal refractive
power. Anisometropia prevalence has been found to be anywhere between
1.6% and 2.8% in pediatric subjects (Huynh, et al., 2006; Almeder, Peck, &
Howland, 1990). As with strabismus, anisometropia subjects have better vision
in one eye and will lead to amblyopia if left untreated.
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Figure 1-2: Different types of strabismus (Vryghem) illustrating when the
strabismic eye is orientated inwards (esotropia), orientated outwards (exotropia),
orientated upwards (hypertropia), and orientated downwards (hypotropia).
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1.1.b Motivation
An estimated 12.1 million school-aged children, which is approximately
one in four, have a vision problem (Prevent Blindness America, 2005). Vision
disorders are the most prevalent handicapping conditions in childhood (Ciner, et
al., 1999; Hartmann, EE; Bradford, GE; Chaplin, PK; Johnson, T; Kemper, AR;
Kim, S; Marsh-Tootle, W; PUPVS Panel for the American Academy of Pediatrics,
2006). Within the general population, children have special needs for vision
examinations. Unlike adults, young children with vision problems often do not
know that the way they see the world is not the way visually normal children do.
Because a vision problem is usually painless, children will generally not report
problems or ask their caretakers for help. A children‟s eyesight and ocular
functions are not fully developed until age 5-6. The eye-brain damage can
become permanent unless the „neglected‟ eye is corrected before this critical
age. These unresolved vision deficits can impair the ability to respond fully to
educational instruction and can have significant effects in social development
(Vision, learning, and dyslexia. A joint organizational policy statement. American
Academy of Optometry. American Optometric Association., 1997). Since the
early stage of a child‟s learning is strongly related to sight, vision impairment
often affects a child‟s whole life. The economic impacts amblyopia has also been
shown to be substantial (Beauchamp, Bane, Stager, Berry, & Wright, 1999).
Pediatric vision screening has been shown to be a highly cost-effective societal
intervention for amblyopia care (Arnold, RW; Donahue, SP; Vision Screen
Committee for the AAPOS, 2006).
While only an ophthalmic medical
professional can diagnose and treat a vision problem, only an estimated 14% of
children receive comprehensive vision examinations before entering school (Eye
examination and vision screening in infants, children, and young adults.
American Academy of Pediatrics Committee on Practice and Ambulatory
Medicine, Section on Ophthalmology., 1996). Therefore, vision screening is
needed to increase the likelihood of effective treatment, decrease the negative
impact of the disorders, improve the quality of life, and to decrease costs.
Unfortunately, the reported vision screening rates have been quite low. Only
about 20% of preschool children have their vision screened through government
and private screening programs (Ehrlich, Reinecke, & Simons, 1983). More
recently, a national sample of pediatricians was surveyed to evaluate preschool
vision screening practices (Kemper & Clark, Preschool vision screening in
pediatric practices., 2006). The rate of acuity screening for 3-year-old children
was low (35%), but increased for 4- (73%) and 5-year-old children (66%). Other
pediatricians have reported to attempt vision screening in only two-thirds of all of
their preschool patients, and in only 38% of their 3-year-old patients
(Wasserman, Croft, & Brotherton, 1992).
Common barriers to pediatric vision screening include that it is too timeconsuming, children are often uncooperative, and the inability to identify a high
proportion of pediatric subjects with vision problems. Many pediatricians report
that there should be a separate reimbursement for vision screening (Kemper &
Clark, Preschool vision screening in pediatric practices., 2006). Therefore,
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financial incentives may be important for ensuring the delivery of preschool vision
screening, as well as adoption of emerging screening technologies if such
devices can be shown to be effective. An effective vision screening program
must also be usable for a large percentage of subjects, able to identify a high
proportion of subjects with existing vision problems (high sensitivity), and able to
identify as normal a high proportion who do not have the eye disorder (high
specificity). The medical term of specificity is defined as the fractional rate for
identifying normal cases as negative with respect to testing for abnormality.
Sensitivity is defined as the fractional rate of identifying abnormal cases as
positive under the designated specificity. A report of the American Foundation for
Visual Awareness indicated that school vision screening identifies only one out of
four children who have vision problems (Murphy, 1999).
Several recent comprehensive studies have been commissioned in response
to the need of vision screening and the problematic screening effectiveness. The
task force on Preschool Vision Screening commissioned by the Maternal Child
Health Bureau and the National Eye Institute (NEI) called for the AAP to
investigate the efficiency of traditional techniques for preschool vision screening
(Project Universal Preschool Vision Screening) (Hartmann, EE; Bradford, GE;
Chaplin, PK; Johnson, T; Kemper, AR; Kim, S; Marsh-Tootle, W; PUPVS Panel
for the American Academy of Pediatrics, 2006). Additionally, the NEI has
supported the Vision in Preschoolers (VIP) study, a multi-center cross-section
study that is currently evaluating 11 participating preschool vision screening tests
(Schmidt, P; Maguire, M; Dobson, V; Quinn, G; Ciner, E; Cyert, L; Kulp, MT;
Moore, B; Orel-Bixler, D; Redford, M; Ying, GS; The Vision in Preschoolers Study
Group, 2004). The VIP study group examined the effectiveness of vision
screening tests to detect the most common childhood eye disorders (amblyopia,
strabismus, significant refractive errors, reduced visual acuity (VA), and the
associated risk factors).
Several vision screening recommendations from these and other studies have
been made to identify: the types of vision problems, their clinical definition, and
what age they should be screened. Table 1-1 shows the classification of
targeted disorders recommended by the American Association for Pediatric
Ophthalmology and Strabismus (AAPOS) and VIP study. The disorders of VIP
group 1 are defined as very important to detect and treat early; those of group 2
are specified to be important to detect early, and group 3 indicates those for
which detection is clinically useful. The Prevent Blindness America group
(Prevent Blindness America, 2005) recommends amblyopia and its symptoms be
checked a) shortly after birth, b) before starting school (age 3 or 4), and c)
throughout the school years. The American Academy of Pediatrics (AAP),
American Academy of Ophthalmology (AAO), AAPOS, and American Optometric
Association (AOA) also recommends that vision screening should be performed
at the earliest possible age and at regular intervals during childhood (Committee
on Practice and Ambulatory Medicine Section on Ophthalmology; American
Association of Certified Orthoptists; American Association for Pediatric
Ophthalmology and Strabismus; American Academy of Ophthalmology, 2003).
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The recent AAP policy statement further recommends that infants should be
evaluated for ocular structural abnormalities, such as cataracts and corneal
irregularities.
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Table 1-1: Published classification criteria of pediatric vision disorders for vision
screening purposes.
Criteria

AAPOS

VIPS

VIPS
(group 1)

VIPS
(group 2)

Anisometropia ≥1.50 D

>1.0 D

>2.00 D

“not
severe”

Strabismus

Any
manifest

Any
Constant
Intermittent
Heterotropia in primary in primary
in primary gaze
gaze
gaze

Hyperopia

≥3.50 D

>3.25 D

>3.25 D

3.25-5.0 D

Myopia

>3.00 D

>2.00 D

≥6.00D

4.0-6.0 D

Media opacity

> 1.0 mm

Astigmatism

≥1.50 D

>1.50 D

≥2.5 D

1.5-2.5 D

Astigmatism
oblique

≥1.00 D
>3.0 D

>6.0 D

Myopic
anisometropia
Ptosis

VIPS
(group
3)

3.25-5.0
D
2.0-4.0 D

≥
1mm
marginal
reflex
distance

Visual acuity

≤.5 (age 3),
≤.7 (age >4)

Amblyopia
unilateral

≥3
line ≥ 3 line Δ, 2 lines Δ
difference
≤.3,

Amblyopia
bilateral

≤.5 (age 3), ≤.5 (age
≤.7 (age >4) 3),
≤.7
(age>4)

Reduced VA
with
no
amblyogenic
factor

.4 & .5 (age
3), .5 &.67
(age >4)
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.4 & .5
(age 3),
.5 &.67
(age >4)

1.1.c Methods
Current vision screening methods include three different types:
(1)
Subjective screening methods involve medical professionals or trained
personnel to perform a designed sequence of tests. The patient is required to
make a judgment to identify the vision defect. This type of testing requires
cooperation from examinees and can be difficult to apply to non-verbal subjects
such as infants and children with developmental delays. It also requires
significant manpower and is less time-efficient as compared to the objective
methods.
(2)
Objective monocular techniques include the use of devices such as
various types of non-cycloplegic autorefractors. An objective method allows the
clinician or an instrument to make the judgment when identifying the disease.
This type of device has been found to measure refractive errors, including
astigmatism and anisometropia, with the best accuracy. These tests are
monocular. The monocular measurement draws the examinee‟s attention to the
eye being tested and can overlook some potential amblyogenic conditions that
appear when a child is more relaxed. Additional strabismus, ocular alignment
detection, and retinal reflection (reflex) tests are required to evaluate nonrefractive vision problems.
(3)
The third type of method is the objective binocular photorefraction and
photoscreening (PS) that evaluates simultaneously the photographic appearance
of both pupils‟ reflex. This method has been used to screen millions of public
school children and preschoolers as well as infants in the U.S due to its timeefficient, objective nature (Arnold, et al., 2005; Donahue, Johnson, & LeonardMartin, Screening for amblyogenic factors using a volunteer lay network and the
MTI photoscreener. Initial results from 15,000 preschool children in a statewide
effort., 2000). The retinal reflex through pupils can provide a range of ocular
information in one photograph. Refractive errors, optical opacities, strabismus
conditions, retinal tumor, and cataract are examples of the possible observed
conditions. However, a significant number of these conditions can fail to be
observed by the single photograph if the insensitivity inherent to the device and
the potential variability of the reader are not mitigated or eliminated. The lower
accuracy in refractive error detection is another drawback. While noting the
potential advantages of this method of pediatric screening, the AAP suggested
more extensive research on photoscreening devices and other techniques to
elucidate the validity of results, efficacy, and cost-effectiveness for identifying
amblyogenic factors in different age groups (Committee on Practice and
Ambulatory Medicine and Section on Ophthalmology; American Academy of
Pediatrics, 2002).
The effectiveness of these vision screening methods has been shown to
highly variable. Table 1-2 and Table 1-3 show the ranking of vision screening
tests from highest to lowest sensitivity in detecting the four VIP-targeted
disorders with a specificity of no less than 0.94 during Phase II of the VIP
study(Ying, GS; Kulp, MT; Maguire, M; Ciner, E; Cyert, L; Schmidt, P; The Vision
in Preschoolers Study Group, 2005). The tabular entry that is shown as the CI
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defines the confidence interval of the statistical result (Daniel, 1999). In the 11
tested methods, Lea VA, Stereo Smile II, HOTV VA, Random Dot E, and Coveruncover are subjective methods; SureSight and Retinomax are objective
monocular devices, MTI, iScreen, and Power Refractor are subjective binocular
PS devices. The visual acuity (VA) tests (Lea symbols and HOTV VA) tests
detected reduced VA reasonably well, but performed lower for the other targeted
disorders. The stereoacuity tests (Random dot E and Stereo Smile II) scored
among the lowest, although the Stereo Smile II did reasonably well for
strabismus detection. The cover-uncover test detected strabismus well, but
failed to detect the three other disorders.
Overall, the refraction tests
(Noncycloplegic retinoscopy (NCR), Retinomax Autorefractor, and the SureSight
Vision Screener) scored the best, except when detecting strabismus. Finally the
photoscreeners (MTI, PowerRefractor, and iScreen) instruments scored among
the lowest during the VIP studies. The MTI photoscreener was the best for
strabismus detection, but this was attributed to the relatively low number of
children with strabismus. Additionally, many other studies, other than the VIP
study, have been performed to assess pediatric vision screening techniques
(Donahue, Johnson, & Leonard-Martin, Screening for amblyogenic factors using
a volunteer lay network and the MTI photoscreener. Initial results from 15,000
preschool children in a statewide effort., 2000; Donahue, et al., 2006; Leman,
Clausen, Bates, Stark, Arnold, & Arnold, 2006; Lang, Leman, Arnold, & Arnold,
2007; Kemper, Keating, Jackson, & Levin, 2005; Kemper & Clark, Preschool
vision screening in pediatric practices., 2006; Rowatt, Donahue, Crosby, Hudson,
Simon, & Emmons, 2007). Even after performing all of these studies, much
discussion and debate exist as to the most effective pediatric vision screening
technique (e.g. acuity-based, autorefractor, or photoscreening) (Schmidt, et al.,
2006; Salcido, Bradley, & Donahue, 2005).
Moreover, multi-functional,
automated, and telemedicine- capable methods are preferable to many vision
screeners (Lang, Leman, Arnold, & Arnold, 2007). Therefore, there is still large
room for improvement in the currently available vision screening methods.
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Table 1-2: Ranking of vision screening tests from highest to lowest sensitivity in
detecting the four VIP-targeted disorders with specificity set at 0.94 (Ying, GS;
Kulp, MT; Maguire, M; Ciner, E; Cyert, L; Schmidt, P; The Vision in Preschoolers
Study Group, 2005). The sensivity interval estimate is given by the 95%
confidence interval (lower, upper) and indicates the reliability of the sensitivity
estimate. The photoscreening devices tend to have lower detection sensitivities
when compared with other screening methods (MTI, iScreen, PowerRefractor).
Ranking Amblyopia
Screening
Tests
1
NCR
2
3
4
5
6
7
8
9
10
11
12

Strabismus
Sensitivity Screening Sensitivity
(95% CI) Tests
(95% CI)
.88
MTI
.65
(.81, .95)
(.53, .77)
SureSight .80
Cover.60
(.72, .88) uncover
(.46, .74)
Retinomax .78
Stereo
.58
Y2
(.69, .87) smile II
(.46, .70)
Retinomax .77
Retinomax .54
Y1
(.67, .87) Y1
(.40, .68)
Lea VA
.65
SureSight .54
(.54, .76)
(.42, .66)
MTI
.63
Retinomax .65
(53., .73) Y2
(.41, .65)
iScreen
.62
iScreen
.50
(.52, .72)
(.38, .62)
Stereo
.71
NCR
.50
Smile II
(.51, .64)
(.36, .64)
Power
.57
Lea VA
.48
Refractor
(.47, .67)
(.34, .62)
HOTV VA .52
HOTV VA .44
(.41, .63)
(.30, .58)
Random
.28
Power
.34
Dot E
(.18, .38) Refractor
(.22, .46)
Cover.27
Random
.29
uncover
(.17, .37) dot E
(.16, .42)
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Table 1-3: Ranking of vision screening tests from highest to lowest sensitivity in
detecting the four VIP-targeted disorders with specificity set at 0.94 (Ying, GS;
Kulp, MT; Maguire, M; Ciner, E; Cyert, L; Schmidt, P; The Vision in Preschoolers
Study Group, 2005). The sensivity interval estimate is given by the 95%
confidence interval (lower, upper) and indicates the reliability of the sensitivity
estimate. The photoscreening devices tend to have lower detection sensitivities
when compared with other screening methods (MTI, iScreen, PowerRefractor).
Ranking Refractive errors
Screening Sensitivity
Tests
(95% CI)
1
NCR
.74
(.68, .80)
2
Retinomax .74
Y1
(.60, .72)
3
Retinomax ..63
Y2
(.58, .68)
4
SureSight .63
(.58, .68)
5
Lea VA
.58
(.52, .64)
6
iScreen
.43
(.37, .49)
7
MTI
.42
(.36, .42)
8
Power
.42
Refractor
(.36, .48)
9
HOTV VA .40
(.34, .46)
10
Stereo
.37
Smile II
(.32, .42)
11
Random
.23
dot E
(.18, .23)
12
Cover.16
uncover
(.11, .21)
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Reduced VA
Screening Sensitivity
Tests
(95% CI)
Lea VA
.48
(.39, .57)
Retinomax .39
Y1
(.31, .47)
NCR
.38
(.30, .46)
HOTV VA .36
(.28, .44)
Retinomax .36
Y2
(.27, .45)
SureSight .35
(.26, .44)
iScreen
.27
(.19, .35)
Power
.27
Refractor
(.19, .35)
MTI
.24
(.16, .32)
Random
.24
dot E
(.17, .31)
Stereo
.20 (.13,
Smile II
.27)
Cover.06
uncover
(.02, .10)

1.2

Adult Vision Screening
1.2.a Vision Problems

Dry eye syndrome affects millions of Americans (Prevent Blindness
America, 2005). Natural tears are continually produced to protect the eyes and
give them moisture that is necessary for clear and comfortable vision. Some
people are unable to produce enough of these natural tears, leaving the eyes dry
and easily irritated. The dry eye condition does not leave a moist “tear film” to
wash and soothe the eye when blinking. The resulting irritation and discomfort
degrades one‟s ability to see. In rare cases, dry eye can become serious, even
blinding, without proper care and treatment. Ninety percent of all cases are
women, and almost all of them are adults.
According to the World Health Organization, cataracts are the leading
cause of blindness in the world (Prevent Blindness America; National Eye
Institute, 2002). Cataracts appear because the eye's naturally clear lens
becomes cloudy. Cataracts are due to an aggregation of lens proteins, which
leads to an increase in inhomogeneity and anisotropy (direction dependent) of
the lens (Atchison & Smith, 2000). The forward-scatter from cataracts produces
a veiling glare, while the back-scatter from them reduces the amount of light
reaching the retina. Because of the variety of opacifications possible, cataracts
can be described as: cortical (affecting 25% or more of the lens), posterior subcapsular (1mm or larger), and nuclear. Cataracts affect nearly 20.5 million
Americans age 40 and older, or about one in every six people in this age range.
By age 80, more than half of all Americans have a cataract. Although most
cataracts appear with advancing age, congenital cataracts due to genetic defects
or developmental problems can be present at birth or a very young age.
Cataracts in infants may also result from exposure to diseases such as rubella
during pregnancy. More than one million cataract surgeries are performed every
year, costing Medicare in excess of $3.4 billion a year (Prevent Blindness
America; National Eye Institute, 2002).
Cataracts can be treated and surgery
can restore sight in more than 95% of the treated cases (Prevent Blindness
America; National Eye Institute, 2002). In the United States, cataracts are
sometimes considered a conquered disease because treatment is widely
available. However, cataracts still account for a significant amount of vision
impairment in the U.S., particularly in older people who may have difficulty
accessing appropriate eye care due to cost, availability, or other barriers (Prevent
Blindness America, 2005).
Abnormality of the cornea represents a third major area of vision problems
of adults. There are over 20 corneal dystrophies that affect all parts of the
cornea (National Eye Institute , 2007). A corneal dystrophy is a condition in
which one or more parts of the cornea lose their normal clarity due to a buildup of
a cloudy material or from abnormal refraction at the cornea surfaces. The cornea
is the eye's outermost layer, producing ~2/3 of the total ocular optical power.
Consequently, corneal dystrophies can drastically reduce the optical
performance.
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Keratoconus (KC) is the most common corneal dystrophy in the U.S. and
affects one in every 500 to 2000 Americans (Krachmer, Feder, & Belin, 1984;
Swann & Waldron, 1986).
KC involves a progressive corneal thinning that
eventually causes an outward bulging of the cornea. KC is often misdiagnosed
and improperly treated as myopia and astigmatism. The onset of KC typically
occurs in teenagers and adults in their 20s. The typical early age of onset, its
long duration, and the importance of vision to life functions increase the
importance of KC when compared with other ocular diseases. In fact, the impact
of KC on quality of life indicators extends far beyond what one might expect from
the visual acuity alone (Kymes, SM; Walline, JJ; Zadnik, K; Gordon, MO;
Collaborative Longitudinal Evaluation of Keratoconus study group, 2004). Due to
the relative importance of KC the NIH/NEI recently launched the Collaborative
Longitudinal Evaluation of Keratoconus (CLEK) observational study of 1,209 KC
patients whose purpose is to characterize: the changes in vision, the corneal
curvature, corneal scarring, to evaluate the quality of life in keratoconus patients,
and to better understand the variation of these measures as time progresses
(Zadnik, Barr, Gordon, & Edrington, 1996; Szczotka, Barr, & Zadnik, 2001;
Wagner, H,; Barr, JT; Zadnik, K; the Collaborative Longitudinal Evaluation of
Keratoconus (CLEK) Study Group, 2007).
1.2.b Motivation and Methods
Early adult screening is important to detect vision problems so that optimal
treatment options can be determined. Two new treatments for KC and corneal
ectasia, the surgery-resulted keratoconus, are corneal collagen crosslinking with
Riboflavin and intacs intracornea rings. Crosslinking strengthens the corneal
integrity by cross-linking the collagen fibrils together using Riboflavin. It has
successfully halted and in some cases even reversed KC progression when
performed during early stages of the disease (Wollensak, Spoerl, & Seiler,
Riboflavin/ultraviolet-a-induced collagen crosslinking for the treatment of
keratoconus., 2003; Wollensak, Crosslinking treatment of progressive
keratoconus: new hope., 2006). Intacs (e.g. corneal inserts or implants) are a
minimally invasive surgical option where two tiny, clear crescent-shaped pieces
of a plastic polymer are inserted into the cornea. Intacs work by flattening the
steep part of the cornea, correcting the myopic refractive error, and reducing
vision distortion (Colin, Cochener, Savary, F, & Holmes-Higgin, 2001; Kymionis,
et al., 2007). These two new treatments are especially advantageous because
no cornea tissue is removed and there is no ablation or incision across the visual
axis. Since these two methods have been shown to slow or even stop the
disease progression and since both provide improved visual function, early
detection methods of KC are becoming increasingly more important.
Furthermore, the increasingly popular use of LASIK and PRK makes
detection of KC quite important to minimize the potential of undesirable surgical
outcomes (Rabinowitz, 2006). In a study of 91 patients seeking keratorefractive
surgery, 5 cases (5.5%) were identified as KC from the topography examination
(Nesburn, et al., 1995). Several high profile lawsuits have been filed by KC
patients who experienced bad outcomes following laser cornea surgery
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(McDermott & Krafczek, 2005). Therefore, early stage KC screening is required
to avoid corneal laser surgery complications.
Currently, eye care professionals have a wide variety of clinical
instruments and methods used to detect adult vision problems. The traditional
clinical methods include retinosopy, slit lamp examination, indirect
ophthalmoscope, and hand-held keratoscope (Krachmer, Feder, & Belin, 1984;
Swann & Waldron, 1986). Recently, corneal surface imaging and wavefront
aberrometry systems have been to quantify the higher-order aberrations (Wang
M. , 2006). Corneal surface imaging systems include the Placido disk (Carl Zeiss
Meditec; Nidek Technologies; EyeSys Vision; Optikon; Tomey; Topcon), the
AstraMax modified checkerboard design (Wang M. , 2006), the optical or
Scheimpflug slit scanning (Bausch & Lomb; Oculus; iVIS Technologies), the
Artemis ultrasonic corneal mapper (Wang M. , 2006), and anterior segment
imaging OCT (Carl Zeiss Meditec).
Topographic techniques provide a
quantitative measure of corneal surface elevation and corneal thickness. The
Placido and checkerboard method take a direct, instantaneous corneal image to
derive the outer surface curvature map and a subsequent elevation map.
Although this anterior cornea map is a “U.S. standard” for detecting diseases
such as keratoconus (KC) and pellucid marginal degeneration (PMD), it does not
provide posterior corneal surface information, corneal thickness (pachometry),
and the intraocular aberrations. The 3-dimensional scanning techniques provide
simultaneous anterior and posterior surface locations and the subsequent cornea
thickness map, which is essential for KC and PMD evaluation. The scanning
process typically takes about 2 seconds of time. Eye movements pose a
problem to the reliability of the measurements. Wavefront aberrometry systems
measure ocular aberrations from the integrated backscattered light that is
diffracted through all the ocular elements/surfaces. The drawback of this
advanced method is that the clinicians cannot identify the source element of the
measured aberration.
The topographic and wavefront aberrometry systems discussed above are
economically exclusive (typically tens of thousand dollars for the simplest type to
an order of magnitude more for the more advanced types). This limits the
opportunities for confident clinical and large-population screening. Thus, when
adult visual disorders have finally been identified, the treatment options are either
less effective or not currently achievable. Therefore, an inexpensive vision
screening device to assist in detection of adult vision problems is a worthwhile
research endeavor.

1.3

Photoscreening and Photorefraction

Photoscreening (PS) is a low-cost, user- and examinee-friendly, non-intrusive
vision screening method. PS uses a light source and camera to illuminate and
photograph, respectively, the eye(s) of a patient at a distant location. Figure 1-3
shows three PS commercial devices: MTI PhotoScreener (PhotoScreener Inc.,
2006), i-Screen (iScreen LLC. , 1999), and PowerRefractor (Plusoptix GmbH).
On the right of the figure are the acquired PS images of these devices. The MTI
15

device acquires two separate black and white images with a horizontal and a
vertical eccentric illumination (a common commercial broad-spectrum flash). The
i-Screen device obtains a single RGB color image using the same type of broad
wavelength flash-lamp. Both devices use human readers to evaluate the
images. The PowerRefractor acquires multiple infrared images radially outward
in the detector plane at three angular orientations, and the results are analyzed
with a computer algorithm.
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Figure 1-3: Images of three commercial photoscreener devices (left) used to
perform pediatric vision screening: MTI Photoscreener (Top), i-Screen (Middle),
and PowerRefractor (Bottom). On the right side are the acquired PS images of
these devices.
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The PS eye image consists of combined reflected, refracted, and scattered
light signal contributions from all parts of the ocular elements (see the PS images
in Figure 1-3). The most notable features in a PS picture are the first direct light
reflection from the anterior cornea surface (i.e. the first Purkinje image) and the
double-pass retinal reflex that travels through the entire eye and exits the pupil.
The former appears as the tiny bright dot (normally saturated) that is located near
the center of iris. Its position relative to the pupil center is utilized to determine
the ocular orientation (i.e. Hirschberg method), and this method has been
extensively applied in contemporary eye tracking systems. The latter feature, the
retinal reflex or commonly called red reflex or red eye, comes into view with an
intensity pattern across the pupil area. Photorefraction (PR) is the optical theory
that describes refractive errors using the Photoscreening retinal reflex. Due to
the eccentric illumination alignment relative to the camera lens, an eye with
defocus, (i.e. refractive error relative to the instrument‟s neutralization refraction),
shows a crescent-like pupil reflex, and a normal eye shows a dark pupil. In
addition to measuring defocus, the retinal reflex can further provide a range of
ocular information in a single photograph, such as optical opacities (cornea scars
or cataracts) and a retinal tumor from the diffraction, scattering, and the spectral
characteristics in the reflex.
PR has the same optical principles as the well known retinoscopy
examination. Retinoscopy has been used by ophthalmologists for over 100
years to detect defocus. It is still a popular method to objectively measure
refractive errors in small children. Rosengren was one of the first to describe a
method for retinoscopy that had a small light source with its light path aligned to
the observer‟s eye and then manually moved across the examinee‟s eye
(Rosengren, 1935). The observer‟s eye is replaced with a camera when using
PR methods.
Stationary PR was introduced later during the 1970-1980s. Stationary PR is
classified into two types: coaxial photorefraction (CPR) and eccentric
photorefraction (EPR). The CPR method has the light source placed in front and
at the center of the camera lens (Howland & Howland, Photorefraction: a
Technique for Study of Refractive State at Distance, 1974; Howland, Braddick,
Atkinson, & Howland, 1983). The light returning from the eye to the camera is
defocused into blur patterns which vary with the eye‟s refractive error. EPR is
the other PR method that is used by placing a light source eccentric from the
camera lens aperture, and the camera is focused right on the examined eye to
form a sharp pupil image (Kaakinen, 1979; Howland, Optics of photoretinoscopy:
results from ray tracing., 1985; Bobier & Braddick, 1985). The use of eccentric
photorefraction (EPR) method dates back to 1979 (Kaakinen, 1979). CPR and
EPR devices base their estimation of the refraction state on the extent of the
defocused retinal reflex and the crescent that appears in the focused pupil image
respectively. EPR is currently the most accepted PR method used to screen for
refractive errors.
PS has the potential to increase the current low rates of pediatric vision
screening. This is especially important because of its ability to screen those
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children who are the most difficult to screen and for whom the prevalence of
amblyopia is higher than in the general pediatric population (Committee on
Practice and Ambulatory Medicine and Section on Ophthalmology; American
Academy of Pediatrics, 2002). This includes children at high risk for eye
problems, such as premature infants or children with developmental delays or
those with a family history of eye problems. Other than having to fixate on the
appropriate target long enough for the measurement, little cooperation by the
subject is needed. PS has been shown to be a cost-effective method to perform
pediatric vision screening due to the multi-functional and subject friendly interface
(Arnold, et al., 2005; Arnold, Clausen, Ryan, Leman, & Armitage, 2007). As a
matter of fact, because it is time-efficient and objective, PS has been used to
screen hundreds of thousands of infants, pre-school children, and public school
children in the U.S (Lang, Leman, Arnold, & Arnold, 2007; Donahue, Johnson, &
Leonard-Martin, Screening for amblyogenic factors using a volunteer lay network
and the MTI photoscreener. Initial results from 15,000 preschool children in a
statewide effort., 2000). However, the problem that remains is to determine if the
PS method can reliably provide measurements with both high detection
sensitivity and specificity for multiple abnormalities.
Unfortunately, the three commercial PS instruments scored among the lowest
in the pediatric VIP evaluation. During Phase 1 and 2 of the VIP study, when
compared with autorefractors and traditional vision screening techniques, these
PS techniques were found to have lower detection sensitivities when a 90% and
94% specificity was applied (Schmidt, P; Maguire, M; Dobson, V; Quinn, G;
Ciner, E; Cyert, L; Kulp, MT; Moore, B; Orel-Bixler, D; Redford, M; Ying, GS; The
Vision in Preschoolers Study Group, 2004; The Vision in Preschoolers Study
Group, 2005). Table 1-2 and Table 1-3 shows the ranking of vision screening
tests from highest to lowest sensitivity in detecting the four VIP-targeted
disorders with specificity set at 0.94 during Phase II of the VIP study (Ying, GS;
Kulp, MT; Maguire, M; Ciner, E; Cyert, L; Schmidt, P; The Vision in Preschoolers
Study Group, 2005). However, in disagreement with these results, a VIP-like
study conducted in the Alaska bush found that PS was better than autorefraction
for children under age 4 (Lang, Leman, Arnold, & Arnold, 2007). Additionally,
studies performed by Salcido and Leman found that PS was more time and cost
efficient than traditional screening methods (Salcido, Bradley, & Donahue, 2005;
Leman, Clausen, Bates, Stark, Arnold, & Arnold, 2006). Salcido also found that
PS had a significantly higher positive predictive value compared with the
traditional screening techniques.
These inconclusive and somewhat
contradictory results suggest that additional PS studies are required to evaluate
the inherent PS design deficiencies and that solutions are needed to correct
these deficiencies before it can become an accepted pediatric vision screening
method.
In addition to these pediatric applications, in the past years studies at the
University of Tennessee Space Institute (UTSI) have shown that, with careful
alignment and redesign and enhanced detection resolution, PS has the potential
to evaluate several visual disorders that primarily afflict adult subjects (Chen, et
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al., 2006; Tan, et al., 2007). Also several traditional clinical methods, retinoscopy
and the slit-lamp retroillumination examinations, share the same optical principles
as PS.
These clinical methods are widely used to detect visual disorders
suffering from abnormal higher-order aberrations, especially in Europe and Asia.
Cataracts have been detected and evaluated using computer image analysis
techniques on retoillumination images (Vivino, Mahurkar, Trus, Lopez, & Datiles,
1995). Fuchs corneal dystrophy disease progression has also been monitored
with computer-assisted analysis of retroillumination images (Gottsch, et al.,
2006). Finally, the quantification of optical changes occurring during tear film
break-up using retoillumination has been performed, and this further suggests
that an intensity-based method can map the highly irregular optical aberrations of
the eye (Himebaugh, Wright, Bradley, Begley, & Thibos, 2003). Since PS shares
the same optical principles as these techniques, one can expect that PS has the
capability to evaluate these vision problems with high-order aberrations.
However, before PS can measure high-order ocular aberrations, several design
and image acquisition improvements are required.
In this dissertation, a novel dynamic Hirschberg test and adaptive
photorefraction (APR) approach along with a new PS optical design is developed
to demonstrate the enhancement use for mass pediatric and adult vision
screening. The APR system is evaluated and constructed using advanced
computational eye modeling, innovative optical engineering principles, and
customized computer analysis techniques. The following chapters address three
areas to use the new photoscreening and photorefraction techniques: (1)
potential use for a dynamic Hirschberg strabismus test, (2) APR approach to
accurate refractive error measurements, and (3) APR use for high-order
aberrations detection.
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2 STRABISMUS MEASUREMENTS
2.1

Background

Strabismus is an abnormality for which the eyes are not properly aligned with
each other, and diagnostic techniques that use normal binocular viewing are the
most desirable methods to detect and evaluate this condition (Romano,
Hirschberg ratio variability and its correction., 1999). A common measure of the
degree of strabismus is the strabismic deviation angle which is defined as the
difference between the ocular orientations of the strabismic and normal eye.
Further, for latent strabismus, which is difficult to detect by either cursory
observations or examinations that rely on a single ocular image, the strabismic
deviation angle is measurable only when the binocular vision and sensory
mechanisms are significantly disturbed.
The clinical test that is often used to detect and quantify strabismus is the
simultaneous alternate prism and cover test, and it has been shown to possess a
strabismus detection sensitivity that is comparable to or better than those used
by other vision screening methods (see section 1.1.b). The cover tests can
determine the presence of manifest strabismus (primary position hetreroptropias)
and latent strabismus (heterophorias) (Schmidt, P; Maguire, M; Dobson, V;
Quinn, G; Ciner, E; Cyert, L; Kulp, MT; Moore, B; Orel-Bixler, D; Redford, M;
Ying, GS; The Vision in Preschoolers Study Group, 2004; The Vision in
Preschoolers Study Group, 2005). Further, this method provides a precise
measure of eye alignment and results in information on the presence, magnitude,
direction, and frequency of the deviation. The cover test requires that the subject
fixate on a distant object (3m), and the examiner then observes the response of
each eye when the other eye is covered and uncovered. If strabismus is
detected, the alternate cover test is performed to calculate the strabismic
deviation angle. Based on the eye movement direction observed in the coveruncover test, the alternate cover test places prisms in front of the deviating eye.
The right and left eyes are alternately covered while adding prisms in the
deviating eye until the direction is neutralized (i.e. no movement is observed).
The prism value, expressed in prism diopters, that is required for neutralization is
defined to be the magnitude of the strabismus. The test procedure is then
repeated at a near distance of (40cm).
When using PS methods, strabismus and ocular alignment are estimated
using a corneal reflection light position test that is discussed in section 1.1.c.
The PS method is also useful to reduce the significant manpower required during
the subjective cover tests and is useful for the examination of uncooperative
and/or pediatric subjects. As mentioned in the previous chapter, the corneal
reflection signal in the PS image provides ocular orientation information for the
diagnosis of strabismus in pediatric subjects. Figure 1-2 shows the corneal
reflection as the bright white spot, and the corneal reflection is generally not at
the same point for each eye for different strabismus types. However, the corneal
light reflection in PS will not detect intermittent and latent strabismus unless the
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strabismus symptoms are present at the moment of testing. The intentional
disturbance of binocular vision in the cover tests ensures that this occurs.
2.1.a Hirschberg Eye Position Test
The Hirschberg test quantifies the amount of ocular orientation (Φ) by
indentifying the corneal reflection position displacement (δ) relative to some type
of ocular landmark. Ocular landmarks that have been used include the pupil
center, the iris center, and the boundary between cornea and sclera (i.e. limbus).
Figure 2-1 (left side) shows a diagram of the eye illustrating the corneal reflection
position for a given ocular angle of rotation relative to the pupil center. Assuming
that the cornea surface is spherical, the light source creates a corneal reflection
that is located at the midpoint between the cornea surface and the center of
cornea curvature. The corneal reflection and pupil images are both captured
onto the image plane. Using geometric optics of the corneal reflection, the
displacement of the corneal reflection from the pupil center depends on the
angle of eye rotation ( ) and the distance ( ) between the center of cornea
curvature and the entrance pupil of the eye (Brodie, Photographic calibration of
the Hirschberg test., 1987) and the relationship is

.

2-1

As shown in equation 2-1 and Figure 2-1, the eye orientation is aligned to
the symmetric axis of anterior chamber that connects the centers of the cornea
and entrance pupil. However, the visual axis, which defines the gazing angle, is
not parallel to the pupillary axis. The path of the visual axis connects the fixation
point to the front nodal and the rear nodal points to the fovea, shown in Figure
B-1 and Figure 2-1 (right side). The front and rear nodal points have the property
that a ray aimed at one nodal point has the virtual reflected image located at the
second nodal point and has the same field angle with respect to the pupillary
axis. The kappa angle ( ) describes the fovea location. It is typically ~ 5°
temporally and ~ 2° inferior from the optical axis of eye. The gazing angle is then
described as
. The eccentric kappa angle causes the corneal reflection to
be displaced nasally related to the pupil center when looking straight ahead.
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Figure 2-1: Left side: Geometry of the corneal light reflection position relative to
the pupil center onto a camera image plane. The rotation angle of the eye (Φ)
depends on the corneal reflection relative to the pupil center (δ) and the distance
between the center of cornea curvature and the pupil of the eye ( ) (Brodie,
Photographic calibration of the Hirschberg test., 1987). Right side: Illustration of
the gazing angle defined as the difference between the visual axis and the
rotation angle.
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The corneal reflection displacement relative to the pupil center can then
determine the ocular alignment. The ocular orientation dependence on the
corneal reflection displacement relative to the pupil center is shown in Figure 2-2
(Brodie, Photographic calibration of the Hirschberg test., 1987). The cornea
surface parameters of the well known Gullstrand eye model were used to
generate the theoretical corneal reflection displacement curve. Experimental
subject data from three subjects were compared with the theoretical
displacement curve (data points). The subjects monocularly fixated at 21 equally
spaced targets on a screen located 1.5m away. The corneal reflection
displacement was then found relative to both the pupil center and the limbus. A
flash camera was aligned with the central target to record the corneal reflection
position. The expected curve represents the data reasonably well over a large
range of gazing angle. The discrepancy for larger rotations is caused because
the corneal surface flattens near the periphery, and the assumption of a spherical
cornea is no longer valid in this region. However, this has the fortuitous result of
extending even further the range where a linear relationship exists between the
corneal reflection displacement and gazing angle.
The linear Hirschberg ratio (HR) describes the corneal reflection‟s linear
movement per unit of ocular angular rotation. The HR is typically measured as
degrees or prism diopters (∆) per mm. A prism diopter (∆) is defined as the ratio
of the lateral fixation target displacement (cm) to the perpendicular target
distance separation (m). Therefore, the strabismic deviation angle is found by
calculating the corneal reflection displacement relative to the pupil center or iris
using acceptable values for the kappa angle and the HR ratio.
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Figure 2-2: Corneal reflection displacement relative to pupil center for different
gazing angles: theoretical curve (solid line) is based on nominal values;
experimental data (points) are obtained from normal human subjects (Brodie,
Photographic calibration of the Hirschberg test., 1987).
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Computer Image Analysis
Strabismus has been measured using photoscreening devices and the
Hirschberg test. Before the advent of computer image analysis, a highly skilled
human examiner was required to correctly identify strabismus using the
Hirschberg test. The human readers thus have variability in their estimation of
the strabismic deviation angle. Recently, with the assistance of computer image
analysis techniques, the Hirschberg test has become more objective. Computer
algorithms have analyzed digital photoscreening images to determine strabismus
and ocular alignment (Miller, Mellinger, Greivenkemp, & K, 1993; Hasebe,
Ohtsuki, Tadokoro, Okano, & Furuse, 1995). The Hirschberg ratio and kappa
angle have also been calculated using a modified version of the PowerRefractor
PS device for eye tracking purposes (Schaeffel, Kappa and Hirschberg ratio
measured with an automated video gaze tracker., 2002). Advanced image
processing methods can overcome lower pixel resolutions that are common in
many high speed digital cameras. The pupil center and the corneal reflection
center can then be measured with better resolution. For example, the corneal
reflection and pupil centers can be determined using the radiation centroid (e.g.
geometric center of either the pupil or corneal reflection) with image analysis
techniques.
Thus, image analysis significantly improved the strabismus
detection sensitivity and repeatability. Finally, binocular orientation is determined
by comparing the gazing angle of each individual eye.
Recently, the Hirschberg test and advanced computer algorithms were
applied to an existing binocular photoscreening database (400+) to identify
strabismus cases (Chen, Lewis, Kerr, & Kennedy, 2006). Figure 2-3 shows the
distributions of gazing angle versus convergence of normal and strabismus
subjects. The distributions indicate how the different strabismus types, exotropia
and esotropia, typically occur outside the normal subject range (upper image) in
a single image photoscreening test. With more than 97% specificity, the
Hirschberg method applied on a single stationary photograph gave only a
negative predictive rate of ~82% due to the intermittent strabismus cases (as
shown in the inner oval area in the strabismus plots). The outer oval area shows
the error that resulted from the uncertainty of the kappa angle. Obviously, the use
of a single PS image makes the detection of intermittent strabismus
problematical.
Intermittent strabismus, deviation of fovea angle, camera
precision, and general HR may contribute to the misdiagnosis and/or failure to
detect strabismus.

26

Figure 2-3: Gazing angle versus convergence density distributions for normal
(upper), esotropia (middle), and exotropia (lower) subjects (Chen, Lewis, Kerr, &
Kennedy, 2006). The extended distribution in X-axis in the plots shows the error
resulted from the uncertainty of kappa angle.
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Subject Variability Difficulties
The Hirschberg eye position test depends on several fundamental
biometric parameters of the eye: the radius of the cornea (corneal curvature),
depth of the anterior chamber, fovea location, and the pupil diameter. The linear
HR and kappa angle parameters vary from subject-to-subject due to several
factors. The change in the fovea angle is important to consider when measuring
the gazing angle with the Hirschberg test because the fovea angle depends on
the ocular axial length. This effect is especially important in small children when
the eye begins to grow (Riddell, Hainline, & Abramov, 1994). The current PS
devices are likely to cause false positives and false negatives in subjects with
pseudostrabismus (i.e. false appearance of crossed eyes) due to an abnormal
kappa angle (Uozato & Guyton, 1987). The subject‟s individual corneal curvature
also plays an important part in calculating the gazing angle when using the
Hirschberg test (Brodie, Corneal topography and the Hirschberg test, 1992).
Clearly, different corneal curvatures cause the corneal reflection to shift. The
pupil center location is also important when calculating the corneal reflection
displacement when using the pupil as a reference, and the pupil center has been
shown to consistently shift temporally as the pupil dilates (Yang, Thompson, &
Burns, 2002).
It is possible to misdiagnose strabismus or even miss it completely if these
individual subject HR and fovea angle differences are not taken into account.
The HR has been shown to be constant across age differences, but considerable
scatter of the measurements was observed due to the above influences (Hasebe,
Ohtsuki, R, & Y, 1998). Hasebe found that the potential exists for as much as
20% systematic measurement error if the individual HR is not calculated .
Therefore, it was suggested that intersubject variance of the HR should be taken
into account to accurately measure strabismus deviations. Romano even
suggests that an average HR is of no use at all because the individual subject‟s
HR can be anywhere between 14 to 26 Δ/mm (Romano, Update: Iris-planeparallel photogrammetric measurement in the Hirschberg Test [CLRT (Corneal
Light Reflection Test) of binocular misalignment. (strabometry)]., 2002).
2.1.b Dynamic Eye Movements
There are two types of eye movements: smooth and saccadic eye pursuit.
Smooth eye pursuit is the ability to smoothly follow a moving object. Saccadic
eye movements are fast involuntary movements that can build up a “mental” map
of a scene using the small fovea that has the greatest spatial resolution.
Saccades are the small rapid jerky movements of the eye, especially as it jumps
from fixation points. A saccade is defined when the eye movement velocity
exceeds some value (e.g. 50⁰/s), and ends when the velocity drops below this
threshold (Tegetmeyer, Blaschke, & Sterker, 2007). The saccadic amplitude
(measured in degrees) defines the distance between successive saccades. The
pursuit gain is the relation between eye velocity (degrees/second) and target
velocity. The duration of a normal subject‟s saccade is between 20-50ms
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depending on the distance between the fixation positions, and the saccade
velocity can reach up to 500⁰/s (Stricker, Widiger, & Weiner, 2003).
Saccadic eye movements have been used to evaluate different types and
amounts of strabismus (Kapoula, Bucci, Eggert, & Garraud, 1997; Tegetmeyer,
Blaschke, & Sterker, 2007). Several different saccadic pursuit characteristics
have been found to be discernible when comparing normal and strabismus
subjects, and also when distinguishing different degrees of strabismus. Postsaccadic eye drift is divergent for mild strabismus, while it was convergent for
advanced strabismus and normal subjects (Kapoula, Bucci, Eggert, & Garraud,
1997). However, advanced strabismus were shown to have a more variable drift
(range: 0.07-1.23⁰) than normal subjects (range: 0.07-0.65⁰). Mild strabismic
subject‟s saccades are unequal between the two eyes (disconjugate) by about
1⁰ and can be as much as 1.8⁰ for more advanced strabismus subjects.
Therefore, studies like these suggest that dynamically evaluating the binocular
eye movements may serve as another method to screen for strabismus in
pediatric subjects.
A strabismus subject‟s eye movements also depend on which eye is
following the fixation target (Tegetmeyer, Blaschke, & Sterker, 2002;
Tegetmeyer, Blaschke, & Sterker, 2007). This is a similar idea as the coveruncover test when a strabismus subject is observed to have a different ocular
orientations when each eye is covered and uncovered. Normal subjects have
similar smooth pursuit eye movements when either eye is covered. However,
strabismus subjects behave differently depending on whether the normal or the
strabismic eye is pursuing the fixation target. When viewing with the strabismic
eye, the target tracking is achieved with a series of refixation saccades, which
also occur in the occluded normal eye. Thus, the normal eye overshoots the
target and the total movement amplitude is much greater than the target and the
fixating strabismic eye. When the normal eye tracks the target, the strabismic
eye under cover makes eye movements in a much smaller amplitude range with
the eye positions falling far behind the target. When the strabismic eye is
covered, the eye movements show the lowest amplitude, gain, and number of
catch-up saccades (Tegetmeyer, Blaschke, & Sterker, 2007).
The highest
amplitude and gain values are found when the normal eye is covered. The
number of saccades is greatest when only the strabismic eye is fixating on the
target. Therefore, the changes in smooth and saccadic pursuit eye movements
when one eye is occluded may offer additional detection possibilities when
testing strabismus.

2.2 Dynamic Hirschberg Test Approach
Strabismus Detection

to

A strabismic subject‟s eye movements were shown to behave differently
when compared with a non-strabismus subject (see section 2.1.b). Also, the
accepted strabismus detection using alternating cover-uncover tests is valuable
because this method interrupts any binocular sensory mechanisms. This
exposes both manifest strabismus and latent strabismus that otherwise might be
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hidden using a static PS image (Schmidt, P; Maguire, M; Dobson, V; Quinn, G;
Ciner, E; Cyert, L; Kulp, MT; Moore, B; Orel-Bixler, D; Redford, M; Ying, GS; The
Vision in Preschoolers Study Group, 2004; The Vision in Preschoolers Study
Group, 2005). To overcome the current photoscreening deficiencies, a Dynamic
Hirschberg Test (DHT) is developed that combines the static Hirschberg test and
the detection of any dynamic eye movement deviations with the interruption of
binocular sensory mechanisms. The subject‟s specific Hirschberg ratio and
kappa angle is used to calculate the ocular gazing angle which reduces errors
associated with using the generalized values (see section 2.1.a). The DHT
measures eye movements as each eye is covered and uncovered so that both
manifest and latent strabismus can be detected. Any deviation from the
expected binocular eye movement path while each eye is occluded will be used
to determine the presence of strabismus.
2.2.a Experimental Approach -Strabismus
Figure 2-4 illustrates a simplified diagram of the Dynamic Hirschberg Test
(DHT) experimental components along with two movies showing the fixation
target trajectory, and the corresponding images of the binocular eye movements.
The Dynamic Hirschberg Test (DHT) approach is experimentally evaluated using
a single human subject under various fixation target conditions. A nonstrabismus subject was chosen during this initial investigation. The DHT begins
by producing a fixation target (e.g. bull‟s eye) in the center of a computer screen
at far distance (upper left image in Figure 2-4). Clicking the left fixation target
image in Figure 2-4 shows a movie of the fixation target trajectory as it moves
along the computer monitor. The subject follows the pre-defined target trajectory
on the computer screen to induce the appropriate eye movements along the
gazing angle path. The fixation target trajectory can be varied according to any
desired predefined path. For this initial investigation the path chosen begins at
the computer screen center then moves horizontally to both sides and ends back
at the center. The horizontal fixation target trajectory in the experiment allows
the subject to redirect the gazing angle to several discrete positions. After a
period of time the fixation target is moved to the next position along the
trajectory, and the target remains there for a specific amount of time before the
digital camera acquires an image of the corneal reflection and pupil reflex. The
fixation target is then moved to the next position, and the procedure is repeated
until the trajectory is completed and all photoscreening images are acquired.
The fixation target is an image of a bulls-eye with the dimensions of 2.42cm for
the blue region outer diameter, 1.57cm for the white region, and 0.25cm for the
inner diameter shown in red. Since the fixation target subject distance is 3.09m,
the outer and inner fixation target angular size is ~0.78Δ, 0.51Δ, and 0.08Δ (or
0.45⁰, 0.29⁰, and 0.05⁰). These fixation target sizes are comparable with similar
studies (between 0.03⁰ and 1⁰) discussed in section 2.1.b.
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Beamsplitter
Fixation target
trajectory
(click to play)
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(click to play)

Figure 2-4: Experimental drawing of Dynamic Hirschberg Test. Eye’s view a
visible fixation target (green) as the infrared light source (red) induces a retinal
reflex signal (orange), and the camera acquires an image that is used to identify
pupil and cornea centers. Fixation target path movie (upper left) and eye’s
following the fixation target movie (lower right).
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At predefined times along the fixation target path, the infrared coaxial light
emitting diode (LED) and the camera are triggered to illuminate the eyes and
collect the image for a specific exposure time, respectively. A suitable exposure
time is required to ensure that a bright pupil reflex is acquired for each image so
that the pupil center can later be identified. For this investigation, an acceptable
exposure time of 25ms was found; also, the camera requires an additional
16.7ms to read each image before another can be acquired. Clicking the lower
PS image in Figure 2-4 shows a movie of the PS images that illustrates the
binocular eye movements tracking the fixation target trajectory. The movement
of the corneal reflection is opposite to that of the fixation target. For example,
when the fixation target is on the left side of the computer monitor the corneal
reflection is right of the pupil center. The corneal reflection is seen to first move
horizontally to the left, then to the right, and finally back to the original location as
it tracks the target trajectory.
The limitation of precision of the experimental design is limited by the
camera spatial resolution and the accuracy to which the pupil and corneal
reflection centers can be calculated. The horizontal camera field of view (FOV) is
~11.9cm, and there are 659 pixels in this direction. Thus, the camera resolution
is 119mm/659pixels ≈ 0.18mm/pixel or 5.7pixels/mm. The corneal reflection and
pupil centers are both determined within sub-pixel resolution, which is discussed
in APPENDIX D. While the exact pixel precision to which the pupil and cornea
reflection is unknown, it is assumed for the calculation of the detection precision
that their separation is calculated within 0.1-0.5 pixels from the actual separation.
A 0.1-0.5 pixel uncertainly corresponds to an imprecision of 0.02mm-0.09mm.
Therefore, this level of uncertainly is expected when calculating the ocular
orientation at each fixation target location, and when calculating binocular eye
movement path.
Finally, the optical hot mirror serves two useful purposes: 1) the hot mirror
itself reflects the IR LED radiation and transmits the fixation target‟s visible
radiation, 2) and the hot mirror frame disturbs any binocular sensory mechanisms
by occluding the stimulus target from the eye. When the stimulus target is
occluded it defines the monocular viewing zone. Figure 2-5 shows a diagram
that illustrates the binocular viewing zone (both eyes can view fixation target), the
left eye monocular viewing zone (right eye is occluded), and the right eye
monocular viewing zone (left eye is occluded). Each viewing zone depends on
the hot mirror width (w=10.16 cm), the perpendicular hot mirror distance (d=1 m),
the perpendicular fixation target plane distance (D= 3.09 m), and the left and right
eye distance from the center. The hot mirror and fixation target plane separation
distances are fixed during each experiment, but the position of the eyes varies
during each test. The pupil location and the hot mirror width and distance are
used to specify the cutoff gazing angle at which the subject can no longer
binocularly view the target. A complete description of the individual optical and
electrical hardware components, including the hot mirror, beamsplitter, light
sources, custom-built circuit, and digital camera, is described in detail in
APPENDIX B.
32

Fixation
Plane
Left-eye
Monocular Zone
hot-mirror opening,
w = 10.16cm
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Right-eye
Monocular Zone

Figure 2-5: Diagram illustrating the binocular viewing zone (both eyes can view
fixation target), left eye monocular viewing zone (right eye is occluded), and right
eye monocular viewing zone (left eye is occluded).
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2.2.b Dynamic Hirschberg Test Analysis
Figure 2-6 illustrates the concept (bottom image) and the testing analysis
method (top image) used to discern strabismus subject from a normal subject.
Each eye‟s pupil and cornea reflection location is identified from each PS image
individually, as discussed in APPENDIX C. The corneal reflection displacement
is the difference between the cornea reflection and pupil center locations. Since
the target trajectory is along the nasal-temple (horizontal) direction, only the
component along this direction (horizontal) is used to calculate of the corneal
reflection displacement. The trajectory of the corneal reflection displacement
along with the expected gazing angle under binocular viewing is used to
determine the individual subject‟s kappa angle and HR. Linear least squares
regression analysis is applied to the measured dependence of the corneal
reflection displacement on the gazing angle for the uncovered data set taken
along the target trajectory. Therefore, the expected eye movement path is
calculated under binocular viewing conditions. Finally, the inverse of the fitted
slope (mm/Δ) and where the corneal reflection displacement is zero correspond
to the individual subject‟s HR and kappa angle, respectively, that defines the eye
movement linear path under binocular viewing.
The expected linear eye movement path is also used to determine if the
eyes refixate on the target when the other eye is occluded. For example, a
normal subject‟s eyes will produce a smooth line in the X-T plot (Figure 2-6 upper
image) for the entire target trajectory regardless if the vision is blocked or not.
However, a subject‟s strabismic eye will have to refixate when the good eye is
suddenly covered, and this causes a “jump” from this expected linear gazing
angle path. The value of this jump in the strabismic angle (in prism diopters Δ) is
found from the calculated pupil center and the corresponding target location that
was used to acquire that image. A jump in the expected linear gazing angle path
is found by calculating the root mean squared error (RMSE) error that defines the
corneal reflection displacement from the expected eye movement path. The
RMSE depends on the total number of corneal reflection displacement
measurements ( ), the experimentally measured corneal reflection displacement
(measured in mm) ( ), and the corresponding displacement values away from
the fitted linear equation ( ):

.

2-2

The uncovered RMSE is a measure of the corneal reflection displacement (i.e.
eye movement) deviation from the calculated eye movement path when following
the target binocularly. The covered RMSE is a measure of the corneal reflection
displacement deviation that is calculated from the path of the movement of the
eye when it monocularly follows the fixation target.
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Figure 2-6: Dynamic strabismus cover-uncover test concept (lower) and
corresponding analysis method (upper). The red, blue, and purple shaded areas
correspond to the right eye (OD), left eye (OS), and binocular(OU) viewing
zones respectively. The dotted areas in the two trajectories indicate the covered
zones. Positive sign in both X- and Y- axes indicates right, and negative
indicates left in the X-Y plot.
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Different fixation target speeds, target separations, and binocular viewing
zones were investigated. Table 2-1 shows the fixation target configurations for
30 different tests. Most of the tests were conducted binocularly, but tests 11-16
were conducted monocularly (shown in red). For the monocular tests the eye
under investigation cannot be occluded by the hot mirror frame, so the range of
target trajectory is shorter. The waiting time between target positions depends on
the separation distance between the target positions (longer wait time for
increased separation distance). The separation distance between images is the
distance the fixation target travels (range) divided by the number of images that
are acquired along this path. The equally spaced target separation distance is
varied from 0.09 to 1.3cm, and the target horizontal range varies from 20.5 to
31cm on the computer monitor. The number of images acquired during the path
also varies between 22, 102, 202, or 302. The perpendicular fixation target
subject distance is 3.09m; therefore, the gazing angle resolution is defined as the
target separation/target distance and varies from 0.03 to 0.42 Δ (or 0.02 to
0.24⁰). The total time for each image is defined by the time between images plus
the 25 ms exposure time and the 16.7ms it takes to read each image. Therefore,
the angular fixation target speeds during these tests is the gazing angle
resolution divided by the total time, and varies between 0.43 to 2.36 Δ/s (or 0.25
to 1.35⁰/s). These fixation target velocities are smaller compared with the
dynamic target trajectories (e.g. 10⁰/s) used in another strabismus smooth
pursuit eye movement study (Tegetmeyer, Blaschke, & Sterker, 2002;
Tegetmeyer, Blaschke, & Sterker, 2007). The fixation target velocity can be
increased by increasing the target spatial separation, reducing the perpendicular
target distance, or decreasing the time between the images acquired.
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Table 2-1: 30 different tests with various different fixation target trajectory
conditions to investigate the gazing angle resolution and target speed influence.
Tests conducted under monocular viewing are shown in red.

Test
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Left
or
Right
eye
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Left
Left
Right
Right
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right

#
of Target
images range
(cm)
202
202
202
202
302
302
22
22
22
22
22
102
102
102
102
22
302
302
102
102
302
302
102
102
102
102
302
302
302
302

28.5
28.5
28.5
28.5
28.5
28.5
28.5
28.5
28.5
28.5
20.5
20.5
20.5
25
25
25
28.5
28.5
28.5
28.5
28.5
28.5
28.5
28.5
31
31
31
31
31
31

Time
Target
between separation
images
(cm)
(ms)
0
0.14
0
0.14
0
0.14
0
0.14
0
0.09
0
0.09
500
1.30
500
1.30
500
1.30
500
1.30
500
0.93
30
0.20
0
0.20
0
0.25
30
0.25
500
1.14
30
0.09
30
0.09
30
0.28
30
0.28
500
0.09
500
0.09
0
0.28
0
0.28
0
0.30
0
0.30
0
0.10
0
0.10
0
0.10
0
0.10
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Gazing
Target
angle
speed
resolution (Δ/s)
(Δ)
0.05
1.09
0.05
1.09
0.05
1.09
0.05
1.09
0.03
0.73
0.03
0.73
0.42
0.77
0.42
0.77
0.42
0.77
0.42
0.77
0.30
0.56
0.07
0.91
0.07
1.56
0.08
1.90
0.08
1.11
0.37
0.68
0.03
0.43
0.03
0.43
0.09
1.26
0.09
1.26
0.03
0.06
0.03
0.06
0.09
2.17
0.09
2.17
0.10
2.36
0.10
2.36
0.03
0.80
0.03
0.80
0.03
0.80
0.03
0.80

2.2.c Experimental Results
The eye movement path for the different target trajectory resolutions and
speeds, discussed in the previous section, is investigated to compare eye
movement differences. For each test the following eye movement parameters
are obtained: the HR (i.e. inverse of the fitted slope), kappa angle (i.e. fitted
intercept divided by the slope), R2 fitting coefficient, the root mean squared error
(RMSE) of the corneal reflection displacement from the expected eye movement
path when the eye is uncovered (i.e. the fitted line), and the RMSE when the eye
is covered (i.e. extrapolated line of linear fitting). Table 2-2 shows the variation
of these parameters using the fixation target configurations discussed in Table
2-1. The result for the average and standard deviation for the linear HR of this
normal subject is -16.82 ± 1.12 Δ/mm, and the resulting kappa angle is 5.23 ±
0.52 Δ. The calculated HR varies between 14.3-19.25 Δ/mm. Since the
expected corneal reflection center displacement from the pupil center was found
to between 0.02-0.09mm an uncertainty of ~0.3-1.7 Δ for the gazing angle is
expected. Thus, when considering these limitations the calculated HR and
kappa angle results suggest that the binocular eye movements behave differently
under the different fixation target movement conditions. All 30 results have a
fitting R2 coefficient 0.94 ± 0.02, so the linear fit to the eye movements under
binocular viewing appears justified. As expected the covered RMSE is larger
than the uncovered RMSE, because the linear eye movement path is calculated
when the eye is uncovered. The average and standard deviation for the
uncovered and covered RMSE is 0.03 ± 0.00mm and 0.22 ± 0.01mm,
respectively. This indicates that the corneal reflection displacement shifts
~0.2mm when the eye is covered. However, a significantly higher covered
RMSE error is expected in a strabismic eye when the normal eye is covered,
because the entire eye movement path will be shifted.
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Table 2-2: Linear least squares statistics for the 30 different tests given in
illustrating the HR and kappa angle defining the binocular eye movement path.
The ability to view the target path binocularly is calculated using the linear R2
fitting coefficient and the uncovered RMSE away from the linear equation. The
covered RMSE indicates how well the eye continues along the binocular eye
movement path when the eye is covered. Tests conducted under monocular
viewing are shown in red.
Test #

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Mean
Std.Dev.

Left /
Right
eye
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Left
Left
Right
Right
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right

HR
(Δ/mm)
-17.70
-17.92
-16.84
-15.83
-17.37
-15.74
-18.77
-15.50
-15.58
-17.50
-19.25
-15.04
-15.92
-17.10
-16.88
-16.99
-16.60
-18.00
-16.27
-17.97
-16.65
-15.61
-14.30
-16.59
-17.07
-18.27
-17.26
-16.11
-16.50
-17.41
-16.82
1.12

Kappa
angle
(Δ)
4.87
5.99
5.14
5.28
5.04
5.07
5.57
5.29
4.79
5.08
6.20
4.96
5.32
5.50
5.19
5.00
4.97
6.77
4.95
6.28
4.49
5.22
4.51
5.20
4.58
5.51
4.62
5.40
5.01
5.13
5.23
0.52
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R2
coef.

Uncovered
RMSE (mm)

0.95
0.93
0.95
0.93
0.95
0.93
0.94
0.95
0.98
0.94
0.89
0.94
0.94
0.93
0.95
0.94
0.95
0.91
0.95
0.89
0.95
0.92
0.95
0.93
0.93
0.93
0.96
0.90
0.93
0.92
0.94
0.02

0.03
0.03
0.03
0.04
0.03
0.04
0.03
0.03
0.02
0.03
0.04
0.03
0.03
0.04
0.03
0.04
0.03
0.04
0.03
0.04
0.03
0.04
0.04
0.03
0.04
0.03
0.03
0.04
0.04
0.04
0.03
0.00

Covered
RMSE
(mm)
0.22
0.21
0.19
0.21
0.21
0.20
0.22
0.23
0.21
0.26

0.20
0.23
0.21
0.22
0.20
0.24
0.21
0.23
0.23
0.20
0.23
0.21
0.23
0.22
0.22
0.01

An example of the binocular eye movement paths obtained with the DHT
(given in Table 2-1 and Table 2-2 is shown in Figure 2-7. Both left and right eye
movement paths are plotted in the same manner by defining the positive values
as the nasal direction (inward) and negative values as the temporal direction
(outward), since the kappa angle is located temporally for both eyes. This flips
the OD trajectory in Figure 2-6 horizontally and vertically along the origin.
Therefore, the OD line will coincide with the OS line for a normal subject with a
complete symmetric binocular condition. The blue colored “○” data points indicate
when the eye is uncovered, and the red colored “+” data points indicate when the
monocular vision is blocked by the hot mirror frame. The linear equation (red
line) specifies the HR and kappa angle which indicates the expected binocular
eye movement path throughout the entire target trajectory. The dotted red lines
show the 95% confidence prediction bounds. Figure D-3 through Figure D-31
show the remaining eye movement trajectory results in the appendix. The
experimental points have a deviation from the binocular eye movement path
(fitted line) within the experimental device‟s imprecision (0.02-0.09mm). Even
when the eye is covered, the eye movements still follow the expected eye
movement path calculated under binocular viewing.
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Linear Least Squares Fit Test #1; y=x(-16.87)+4.73
8
fitted curve
prediction bounds

6

Gazing angle ( )

4
2
0
-2
-4
-6
-8
-0.1

0

0.1
0.2
0.3
0.4
0.5
0.6
Corneal reflection displacement (mm)
Figure 2-7: Corneal reflection displacemnt vs. gazing angle results for test #1
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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2.2.d Dynamic Hirschberg Test Comparison
Traditional Photoscreening Techniques

with

Shown in Table 2-3 are the parameters used during the DHT to detect
strabismus. Also shown in this table are the parameters that the author has
inferred that several commercial PS devices used for this measurement. The
DHT technique requires the subject to dynamically move their eyes and several
images are then acquired along an eye movement path. This allows strabismus
detection to be based on several images instead of only one, and any deviations
between the two eyes trajectories are found. The DHT also occludes each eye
as the target moves along the computer screen periphery. This is necessary to
see if a strabismic eye is used to pursue the target (it should deviate from the
nominal linear eye movement path) (Tegetmeyer, Blaschke, & Sterker, 2002).
This is similar to traditional cover tests that are standard procedures to detect
strabismus. Infrared (IR) light sources are used to acquire the images. This is
important in order to keep the pupil diameter (and therefore pupil center)
constant during the measurement. The DHT individually calculates the kappa
angle and HR to account for any corneal curvature, axial length, and fovea
location differences from the normal subject population. Finally, the DHT
performs on-site strabismus interpretation instead of transferring the data to a
reading center. The commercial PS techniques all involve analyzing the corneal
light reflection position using a single static image (no ocular movements). While
the exact kappa angle (fovea angle) and HR are not known for the other
techniques, except the PowerRefractor (Choi, et al., 2000), it can be expected
that they use some sort of average value based on the population distribution.
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Table 2-3: Strabismus detection comparison between commercial
photoscreening and Dynamic Hirschberg Test.
MTI
i-Screen
(Photoscreener)
Dynamic or Static
Static
Static
Occlude
No
No
one of the
eyes
Kappa
Statistical
Statistical
angle and average
average
Hirschberg
ratio used
Light
Visible
Visible
source
type
Image
Film
Digital
format
Strabismus Transferred to a Transmitted
evaluation Reading center
to a reading
location
center;
results within
24 hours
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PowerRefractor
Static

DHT
Technique
Dynamic

No

Yes

11.820/mm=
20.6 Δ/mm

Individually
calculated

Infrared

Infrared

Digital

Digital

On-site
interpretation

On-site
interpretation

2.3

Discussion

According to the standard clinical cover-uncover test concept, a strabismic
eye in the DHT test is expected to have a different eye movement path when the
good eye is occluded because the strabismic eye will be forced to refixate on the
target trajectory. This is to be expected since a non-strabismus subject‟s eyes
pursue the fixation target similarly even when one eye is occluded and no
“jumps” or drifting occur in the eye movements as the eyes refixate. However,
when a strabismus subject tracks the fixation target with only their strabismic eye
they have to refixate on the target when their normal eye is occluded by the hot
mirror frame. This would create a new eye movement path that would be
different than the binocular eye movement path. Thus, the corneal reflection
displacement would shift and the covered eye movements would “jump” from the
expected binocular eye movement path. For example, a strabismus subject with
a strabismic deviation of 1⁰ or 1.75Δ should cause a shift in the eye movement
path when the strabismic eye refixates when the normal eye is occluded. The
uncertainty of experimental results was found to ~0.3-1.7 Δ (0.2-1.1⁰). This
indicates that a strabismic deviation of 1⁰ should be able to be measured with
this experimental design. The Dynamic Hirschberg Test offers several possible
opportunities to detect and quantify strabismus by using the covered eye
movement deviation from the binocular eye movement path and by comparing
the uncovered and covered RMSE. Finally, an investigation of normal and
strabismus subjects would be useful to determine the amount of strabismus eye
movement deviations away from normal subjects.
Additional modifications to the DHT are required to further characterize
saccadic eye movements. First, a higher frame-rate digital camera is required to
measure the ocular saccade characteristics. The ocular saccade duration is
anywhere between 20-50ms depending on the distance between the fixation
positions, and the saccade velocity can reach up to 500⁰/s (Stricker, Widiger, &
Weiner, 2003). However, the current digital camera maximum frame rate is
60fps (16.7ms), and the current experiment setup requires an additional 25ms of
exposure time. The saccade amplitude difference between the eyes is also an
important eye movement characteristic that can distinguish strabismus from
normal subjects (Kapoula, Bucci, Eggert, & Garraud, 1997). The saccade
amplitude difference was found to be less than 1⁰ for normal subjects, but the
amplitude increased up to 5⁰ for large strabismus. During this investigation a
smaller saccade amplitude (~0.5 Δ or 0.3⁰) could be detected. Thus, the current
experimental design could measure saccade amplitude differences that are
characteristic of normal and strabismus subjects.
In the future, an initial monocular calibration procedure could be used to
calculate the HR and kappa angle more accurately, so the actual eye movement
characteristics can be calculated. One potential calibration procedure would be
to place the fixation target along one direction (e.g. nasal, temporal) and remain
at this location until the eye movements remain steady. The fixation target would
then be moved to the opposite direction and the procedure is repeated. The two
images of the corneal reflection displacement and gazing angle could be used to
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calculate the HR and kappa angle. Finally, with this additional calibration
procedure the saccade velocity and acceleration, the time from the presentation
of the target to the commencement of the saccade, and the ability of the subject
to follow the target can all be evaluated to measure eye movement
characteristics.
After the DHT is modified such that it can measure ocular saccades, there
exists the possibility to detect other types of ocular alignment problems.
Significant evidence suggests that smooth pursuit deficiencies occur in
schizophrenic patients and their relatives (Avila, Hong, Moates, Turano, &
Thaker, 2006). Children with autism have shown a reduced velocity of smooth
pursuit compared to controls during ongoing eye tracking (Takarae, Minshew,
Luna, Krisky, & Sweeney, 2004). Patients with post traumatic stress disorder
(Cerbone A, Manguno-Mire, Evans, Tomlin, Schwartz, & Myers, 2003, pp. 59-62)
and children with physical and emotional abuse (Irwin, Green, & Marsh, 1999)
also been shown to have smooth eye pursuit difficulties.
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3 REFRACTIVE ERROR MEASUREMENTS
3.1

Photorefraction Background
3.1.a Photorefraction Measurement Techniques

Single Eccentric Light Source and Crescent Analysis
Geometric optical analyses of eccentric photorefraction (EPR) were first
conducted and published in 1985 by 2 groups simultaneously in the same journal
on the same day (Howland, Optics of photoretinoscopy: results from ray tracing.,
1985; Bobier & Braddick, 1985). Figure 3-1 illustrates the EPR technique for
detecting refractive errors. A single light source decentered relative to a
detection camera projects a small image on the examinee‟s retinal surface that
produces a retinal reflex. Refractive errors cause some of the light reflected from
the retina to be vignetted by the camera, and this produces an image shaped like
the profile of a biconvex lens (i.e. crescent). In addition to refractive errors, the
distance between the detector entrance pupil plane and the eye‟s entrance pupil
plane (i.e. working distance) also affects the retinal reflex intensity profile. When
the ocular refraction is equal to the reciprocal of the working distance (i.e.
neutralization refraction), the light source plane is conjugate to the retinal
surface. None of the retinal reflex intensity will be collected into the detection
camera aperture, since the light rays exiting the eye will converge back to the
light source. However, myopic- and hyperopic-shifted eye conditions produce a
crescent intensity distribution on the same and opposite side, respectively, as the
eccentric light source. Figure 3-1 illustrates the directions of captured retinal
reflex patterns (i.e. pupil images) for the three refractive conditions. As the
refractive error increases the crescent size increases until the retinal reflex
completely covers the decentered camera entrance pupil.
Distinguishing
between myopia and hyperopia shifts requires the determination of the crescent
position relative to the decentered camera-light direction, since the crescent
width by itself cannot distinguish them.
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Figure 3-1: Retinal reflex intensity patterns (pupil images) induced from a single
light source decentered from a camera: hyperopic eye (top), neutralization eye
(middle), and myopic eye (bottom). Corresponding ocular images illustrate the
expected crescent intensity for a myopic eye (crescent same side as light sourcecamera offset), for a hyperopic eye (crescent opposite side as light sourcecamera offset), and a dark pupil when the eye is at neutralization.

By analyzing the paths of the boundary rays, the crescent size can be
related to the subject‟s refractive error. Equation 3-1 shows the retinal reflex
crescent size (s) dependence on the pupil diameter (2r), the distance between
the detector entrance pupil boundary and the light source boundary (e) (i.e. light
source eccentricity), the camera working distance (d), and the relative refractive
error with respect to the camera working distance (
) (i.e. defocus)):

.

3-1

The defocus, as included in equation 3-1, is the relative refractive error in terms
of the degree of ametropia, (
) in diopters, with respect to the reciprocal of the
camera working distance,
:

.

3-2
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Figure 3-2 shows the relationship between the crescent width and the
degree of ametropia for two different light source eccentricities (5mm and 10mm)
and two pupil diameters (3mm and 7mm). The results of the larger 7 mm pupil
better describes the measurements of children with large pupils (red lines), and
the results of the smaller 3 mm pupil more closely predict older adults (blue
lines). Solid and dashed lines indicate results from 5mm and 10 mm light source
eccentricities, respectively. The vertical black dotted-dashed line in Figure 3-2
shows the neutralization condition which is the center of symmetry, and is
located at
since the camera working distance, d, is selected at
1m in this calculation. For this condition, the defocus is zero (
), and
results in a “dark” pupil since none of the retinal reflex enters the camera for any
positive light source eccentricity.
The finite eccentricity of the EPR light source produces an optical dead
zone around the neutralization condition, where the crescent width is zero and
there is no crescent intensity pattern for a range of refractive errors. Figure 3-2
demonstrates that this optical dead zone depends on the eccentricity. As the
light source eccentricity increases, the range of dead zone increases. This dead
zone is derived by setting
in equation 3-1 and then solving for the
minimum defocus (
):

.

3-3

The result gives a lower limit of detectable defocus due to the required finite
distance between the light source and camera entrance pupil boundary.
The sensitive detection regions are the two wings beside the dead zone.
In Figure 3-2, the crescent width is seen to only significantly change over an
effective range of about 2D. In far ends of the wings, detection sensitivity (the
change of crescent width per unit defocus) is low. This implies that with a single
eccentric light source the detection sensitivity is limited to a small defocus range
in both the myopic and hyperopic sides. Therefore, only when multiple light
source eccentricities are used in one measurement can the effective range of
refractive errors detection be extended.
Although the above theoretical analysis was given more than two decades
ago, experimental measurements using human subjects have never produced
acceptable agreement with the theoretical prediction. It is clear that many factors
are not taken into consideration in this calculation. As a matter of fact, both
iScreen and MTI photoscreener EPR devices use trained readers to visualize the
reflex images and determine refractive errors based on empirical data instead of
the theoretical prediction (iScreen LLC. , 1999; PhotoScreener Inc., 2006).
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Figure 3-2: Crescent width vs. refractive error for a single point light source with
a 5mm (solid curves) and 10mm (dashed curves) eccentricities. Two different
pupil diamters are shown: 3mm (blue) and 7mm (red). The camera position
(1m) gives the neutralization refraction (-1D) around which the defocus cannot be
measured (dashed-dotted black line).
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Extended Light Sources and Slope Analysis Technique
Infrared (IR) light sources of larger spatial extent were introduced to
compensate for the limited EPR defocus detection range when using only one
eccentric light source (Schaeffel, Farkas, & Howland, Infrared photoretinoscope,
1986). IR light-emitting diodes (LEDs) are used to reduce the unwanted effect of
the chromatic aberrations on the defocus. The extended light source design
consists of several LEDs with the same angular orientation that simultaneously
turned on. Therefore, the effective defocus detection range is increased beyond
the 2D range that plagues the single light source design.
These design
improvements were then integrated into the commercial PowerRefractor I and
later the PowerRefractor II (Choi, et al., 2000; Jainta, Jaschinski, & Hoormann,
2004). In several studies, the PowerRefractor has been experimentally and
clinically evaluated by comparing it with retinoscopy or an autorefractor (Choi, et
al., 2000; Abrahamsson, Ohlsson, Björndahl, & Abrahamsson, 2003; Allen,
Radhakrishnan, & O'Leary, 2003; Blade & Candy, 2006). The results showed
that the PowerRefractor was capable of detecting large defocus, but calibration
for each individual was required.
EPR devices that use extended light sources measure defocus by
calculating the retinal reflex intensity profile‟s slope, i.e. the calibrated intensity
gradient along the eccentricity meridian, instead of directly measuring the
crescent size (Kusel, Oechsner, Wesemann, Russlies, Irmer, & Rassow, 1998;
Roorda, Campbell, & Bobier, Slope-based eccentric photorefraction: theoretical
analysis of different light source configurations and effects of ocular aberrations.,
1997). The retinal reflex intensity is measured along a radial path in the EPR
pupil image, and the slope of the retinal reflex intensity changes were shown to
be linearly proportional to the defocus. The result was shown to be dependent
on the pupil size, and if this effect is not considered, errors of more than 1D may
arise (Roorda, Campbell, & Bobier, Slope-based eccentric photorefraction:
theoretical analysis of different light source configurations and effects of ocular
aberrations., 1997).
Figure 3-3 illustrates the expected slopes of the reflex intensity versus
defocus for both a single point light source (red line) and an extended light
source (black line). The advantages of using an extended light source and the
slope analysis techniques include the elimination of the dead zone and the
extension of the detection range that occurs using a single eccentricity (~2D)
source. However, the single light source does offer one distinct advantage in
that the slope changes are much more significant in the effective detection
region, -1D to 1D. This suggests that a higher defocus detection resolution could
be acquired when using several individual light sources rather than the extended
light source.
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Figure 3-3: Change in reflex slope as a function of refractive state (i.e. defocus)
for a point light source at 2 mm (red line) and an extended light source from 0 to
30 mm eccentricity (black line) (Roorda, Campbell, & Bobier, Slope-based
eccentric photorefraction: theoretical analysis of different light source
configurations and effects of ocular aberrations., 1997).

Astigmatic Defocus Techniques
The degree of astigmatism (cylindrical defocus and axis) had been
calculated using the crescent size and tilt for a single light source (Wesemann,
Norcia, & Allen, 1991). The size and the angular tilt of the crescent was derived
as a function of the spherical defocus, cylindrical defocus, the cylindrical axis, the
eccentricity of the light source, and the camera working distance. However, only
limited conditions of cylindrical defocus could be calculated. For example,
astigmatisms with principal meridians at an axis orthogonal to the
photorefractor‟s orientation are undetectable. Astigmatism that is either with or
against the rule can cause the crescent to become indistinguishable from a
crescent due to spherical defocus alone. Therefore, a single picture of the
crescent cannot sufficiently determine astigmatic errors and the camera must be
rotated. The commercial iScreen PR device relies on a single eccentric light
source; hence it cannot reliably report astigmatic defocus.
The MTI
photoscreener PR device relies on two perpendicular PR images, but it is still
insufficient. It is a fundamental principle that to determine 3 parameters (e.g.
spherical, cylinder, and axis), requires a minimum of 3 variables.
In addition to rotating the camera to measure astigmatism with the
crescent approach, the individual light sources can be placed along a circular
camera aperture (Kusel, Oechsner, Wesemann, Russlies, Irmer, & Rassow,
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1998). The rotational symmetry offers practical advantages because the light
sources can be mounted at different angles and the EPR images can be taken in
rapid succession. A closed form solution was not found for astigmatic errors, so
neural networks were used to calculate the defocus using the reflex crescent
intensity patterns. The crescent intensity patterns were expanded into a series of
Zernike polynomials and then were connected together forming a neural network
of neurons using the fitted Zernike coefficients. Although this research group
suggested this method to measure astigmatism, to the author‟s knowledge, no
experimental data were provided to prove the theory.
Similarly, multiple extended light sources, rather than multiple individual
light sources, can be used to evaluate the cylindrical defocus. One extended
light source is comprised of several individual LED light sources along the same
meridian, and all are illuminated at the same time instead of individually as
before. The small individual light source angular orientation is easily described
using the plane polar coordinates (r, θ). Thus, a particular extended light source
angular orientation has many small sources with the same polar angle (θ), but
with different radial positions (r). The PowerRefractor measures the defocus
along three different angular orientations and uses a 6 extended light source
design (Gekeler, Schaeffel, Howland, & Wattam-Bell, 1997 ). This analysis
required different conversion factors and constants for each of the six different
extended light source LED segments. The differences were believed to be
caused by the different angular distribution of their radiation. Asymmetric
aberrations cause the defocus to appear differently along each meridian. Thus,
the measured spherical defocus along any meridian depends on the presence of
asymmetric aberrations (e.g. coma). To counteract this unwanted effect, the
defocus state was measured by averaging the results along the same radial
paths but at opposite polar angles (θ and θ+π or 180⁰).
3.1.b Photorefraction Sources of Error
Chromatic and Monochromatic Aberrations
Chromatic aberration arises specifically in polychromatic light because the
indexes of refraction of ocular components are functions of wavelength.
Chromatic aberration causes constituent colors in a collimated beam of white
light to focus at different points. It introduces significant errors into the defocus
measurement when both the light source and the detector have broad spectral
bandwidths. Figure 3-4 demonstrates the induced defocus shift in human eyes
that results from chromatic aberration (Chen, Tan, & Lewis, Simulation of
eccentric photorefraction images, 2003). The center of the dark zone in the PR
analysis requires modification accordingly as the black circular symbols show.
Over the visible region this defocus shift is as much as 2.5 diopters (D).
Therefore, defocus measurements are uncertain when the PS measurement is
performed without calibration of wavelength.
The iScreen and MTI
photoscreener devices both use a white light source, similar to those used in
flash cameras, so they are both plagued by unwanted chromatic aberrations that
reduce the defocus detection sensitivity. Figure 3-5 shows two PS images with
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large amounts of chromatic aberrations that are caused by the visible (white light)
light source used. The upper image has a blue crescent in the lower part of the
pupil, while the lower image has a red or yellow crescent in the lower part of the
pupil. This illustrates the difficulty when calculating the subject‟s exact reflex
intensity pattern that is produced by visible light sources. The chromatic
aberration effect can be eliminated by using monochromatic light sources and
then corrected with the defocus shift.

chromatic shift (diopter)
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-0.5

-1
- CDZ shift in PR simulation
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Thibos, 1992 [29]
Charman & Jennings, 1976 [30]
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Wald & Griffin, 1947 [32]
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Navarro schematic eye [18-20]
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Figure 3-4: Chromatic aberration optical power shift (D) dependence on
wavelength over visible light region (Chen, Tan, & Lewis, Simulation of eccentric
photorefraction images, 2003).
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Figure 3-5: Ambiguous reflex crescent boundaries caused from large amounts of
monochromatic and chromatic aberrations caused from the large pupil diameters
and a white light source. In both images, the blue crescents appear at the lower
side and red-yellow reflex on the upper size of pupils. When a black and white
camera is used (e.g. MTI photoscreener), the PS images are even more
confusing.

Monochromatic aberrations are always present even with a
monochromatic light source. Monochoromatic aberrations have been shown to
alter the expected EPR retinal reflex patterns and therefore affect the
determination of the defocus (Campbell, Bobier, & Roorda, 1995). For typical
amounts of spherical aberration (SA) present in the human eye there was a
significant degree of measurement uncertainty introduced for all types of
photorefraction. Spherical and other monochromatic aberrations either increased
or decreased the defocus measurement, depending on the sign of the aberration
and defocus sign (i.e. myopia or hyperopia). Also, computer simulations were
performed using geometrical optics to predict the intensity profiles for different
monochromatic aberrations (Roorda, Campbell, & Bobier, Geometrical theory to
predict eccentric photorefraction intensity profiles in the human eye., 1995).
Intensity profiles were generated using both symmetric and asymmetric
aberrations. Standard eye models have been applied using computer ray-tracing
to calculate the relative spatial irradiance at the detector surface when
monochromatic and chromatic aberrations are present (Chen, Tan, & Lewis,
Simulation of eccentric photorefraction images, 2003). Asymmetric aberrations
(e.g. coma) were found to be detrimental when measuring defocus conditions,
since the amount of aberration is dependent on the angular orientation of the
light source-camera detector used in the measurement. The preceding studies
also found that monochromatic aberrations increase with pupil size. Currently,
PS defocus measurements are usually measured with large pupil diameters to
increase the amount of retinal reflex intensity signal into the camera aperture.
Thus this causes the unwanted monochromatic aberrations to significantly
influence the defocus measurement. Unfortunately, the iScreen, MTI, and
PowerRefractor all require that the defocus measurements are obtained in dim
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lighting conditions. As a result, the monochromatic aberrations are increased
dramatically as compared to the typical visual condition and defocus detection
accuracy is decreased.
Accommodation
Accommodation is the ability of the ocular lens to change shape when
focusing on near objects. Young children have a large accommodation range
(>10D), that can significantly influence the defocus measurement. For example,
a camera working distance of 1/3m introduces 3D error if the subject
accommodates onto the detection plane. Accommodation effects on defocus
measurements using EPR techniques have been studied (Jainta, Jaschinski, &
Hoormann, 2004; Seidemann, A, & Schaeffel, 2003). Recently binocular gazing
angle and accommodation measurements have been combined using eye
tracking together with the EPR to determine the ocular refractive errors
(Suryakumar, Meyers, Irving, & Bobier, 2007).
The unwanted accommodation effect on defocus measurements can be
minimized or eliminated by using ocular drugs, a positive lens, or a focusing
target at a distant location.
Cycloplegic drugs are often introduced to
incapacitate the lens cilary muscle that is responsible for accommodation. These
drugs are frequently employed with monocular autorefractors to improve their
detection sensitivity because of their close working distance (Virgili, Angi, Heede,
Rodriguez, Bottega, & Molinari, 2007; Choong, Chen, & Goh, 2006).
The
second method employs a trial lens to neutralize the accommodation effect. For
example, if the subject were to involuntarily focus on an object 1 meter away, a
+1D lens with would translate the object image to infinity and thereby eliminate
the accommodation effect. Finally, using the third method, one can minimize
accommodation effects simply by forcing the subject to focus on an object at a
far location. For example, by forcing the subject to fixate on a target 3m away
introduces only 1/3D into the defocus measurement. Since the cycloplegic drugs
are more intrusive and time-consuming, PS examinations typically employ the
latter two techniques to minimize accommodation. While accommodation is not
entirely neutralized, it does reduce their unwanted effects on defocus
measurements.
Gazing Angle
Variations in the gazing angle, which was discussed in chapter 2, can also
significantly reduce defocus detection sensitivity. Using eye modeling techniques
(Chen, Tan, & Lewis, Simulation of eccentric photorefraction images, 2003),
simulations performed by our research group at the Center for Laser Applications
(CLA) show that the gazing angle can cause the retinal reflex crescent intensity
to tilt, increase, or decrease. Figure 3-6 shows several CLA computer
simulations illustrating the gazing angle‟s effect on a myopic eye (-2D). When
the gazing angle is along the horizontal direction (perpendicular to the light
source-camera angular orientation) the retinal reflex tilts, thus the subject‟s
defocus appears astigmatic. As the gazing angle moves up and down (parallel to
the light source-camera angular orientation), the crescent increases and
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decreases so that the ocular defocus appears more and less myopic. Gazing
angle inaccuracies on defocus measurements were recently reduced by training
human readers to modify their grading results according to possible gazing
angles (Miller, Schwiegerling, Leising-Hall, & Surachatkumtonekul, 2001).
However, the best way to reduce gazing angle effects on the defocus calculation
is to eliminate unacceptable gazing angles prior to the defocus measurement.
Figure 3-7 shows several different experimental EPR images obtained with a
myopic eye that has an upward gazing angle that is identified by the location of
the corneal reflection below the pupil center. All of the EPR images have the
same light source eccentricity distance. The upper row of images is taken with
the light source placed above the camera entrance pupil, but the lower row of
images is taken when the light source is placed below the camera entrance pupil.
The gazing angle is seen to cause the crescent width size to appear differently
(larger in the upper row and smaller in the lower row). Therefore, the calculated
defocus would be incorrectly determined to be either too large or small.
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Figure 3-6: Gazing angle effects on retinal reflex intensity patterns: gazing angle
parallel with the light source-camera angular orientation (vertical images), and
the gazing angle is perpendicular to the light source-camera’s vertical angular
orientation (horizontal images). The vertical and horizontal images illustrate that
the spherical defocus and astigmatism will be incorrectly interpreted.

Figure 3-7 Photorefraction results illustrating different crescent widths caused
from the upward gazing angle, and the indistinguishable crescent boundaries due
to different levels of illumination. Upper row: light source placed above camera
entrance pupil. Lower row: light source placed below camera entrance pupil.
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Others: Intraocular scattering & camera contrast
Intraocular scattering and the EPR image intensity variation, or image
contrast, also make calculating the crescent boundary difficult. Using optical eye
modeling, simulated EPR measurements calculated the retinal reflex intensity
across the pupil diameter (Chen, Tan, & Lewis, Simulation of eccentric
photorefraction images, 2003). The simulation results show that the crescent
boundary becomes indistinct as aberrations and intraocular scattering increase.
Figure 3-7 shows several different experimental EPR images of one eye with
different amounts of illumination (exposure time increases left to right), which in
turn affects the EPR image contrast. The crescent boundary detection sensitivity
decreases when the image contrast is too low (e.g. leftmost EPR images). Also,
the exact crescent boundary even becomes impossible to discern when the EPR
image is saturated (e.g. rightmost EPR images).

3.2 Novel Adaptive Photorefraction (APR) Approach
to Refractive Error Measurements
3.2.a Theoretical
Simulations

Consideration

and

Optical

Photorefraction is a double pass process that initially projects the light
source illumination onto the retinal surface, and then the light source image
produces a retinal reflex light cone that propagates back toward the initial light
source position. The reflex intensity distribution upon the detection plane, R, is
given by the convolution of the light source intensity function, L, with the ocular
intensity point spread function,
, that passes two times through the eye:

.

3-4

The
is itself the convolution result of the forward PSF and the returned
PSF. For a perfect imaging system, where aberrations are absent, the object
plane and image surface are conjugate to each other, and each single-pass PSF
is a diffraction limited Airy disk function. The object plane is represented by the
light source during the first path and the retinal blur as the source during the
second path. The image surface is represented by the retinal blur image during
the first path and the detector aperture plan during the second path. When the
defocus between the object and image planes exists, the geometric size (in
radians) of the single pass PSF is equal to the pupil diameter (in distance) times
the defocus,
(in diopters or inverse distance) (Atchison & Smith, 2000) (on
page 83, eq. 9.17). The pupil here implies the exit pupil of the optical system
following the ray propagation direction. The convolution result,
, is a
divergent (or convergent) reflex cone that is no longer uniformly illuminated.
However, upon arrival at the detection plane, it has a diameter (full width at half
maximum) that is again equal to the multiplication of pupil diameter, the defocus,
and the working distance. In the special case of a point source illumination, the
retinal reflex cone at the detector plane is exactly described by this
. The
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integrated intensity, I, in the detection is given by the integration of the retinal
reflex, R, with the camera detector pupil function, D:

.

3-5

The new adaptive photorefraction (APR) method uses an optical beam
splitter to project a 2-dimensional light source display onto the entrance pupil of
the detecting camera to break the traditional PR limitations. Figure 3-8 illustrates
the basic concept of the APR approach in one dimension. The upper picture
shows a horizontal array of 11 PR light sources across the camera aperture
(entrance pupil) plane after the projection by the beam splitter. Since light
sources are placed within the camera entrance pupil for the new APR approach,
the previous definition of eccentricity is no longer valid. The definition of light
eccentricity is now the distance between the center of the entrance pupil and the
center of light source. Each light source produces essentially the same retinal
reflex, except that the direction of the returned reflex is along the path toward the
original light source.
The camera aperture intakes a related eccentric,
intersected portion of the retinal reflex rays and forms one EPR crescent image
for each light source. For a typical myopic eye, the PR crescent images are
simulated and shown in the bottom of Figure 3-8.

Figure 3-8: Top: Simplified 1-Dim APR light source configuration overlapped with
detection camera plane. Bottom: Corresponding simulated EPR images from a
myopic eye.
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Extreme conditions are difficult to replicate in the laboratory, but can be
simulated to evaluate the defocus detection sensitivity. Thus, optical ray-tracing
simulations are used to evaluate how the experimental integrated reflex intensity
changes under different conditions (e.g. pupil diameters, refractive errors, StilesCrawford Effect, high-order aberrations, gazing angle). The following optical
simulations to theoretically evaluate the APR defocus calculation are performed
by the vision science research team at CLA. During the theoretical evaluation,
only a 1-Dim array is used to investigate the characteristic parameter effects on
the spherical refractive error. This is justified since a 1-Dim slice of the 2-Dim
integrated intensity distribution corresponds to the spherical refractive error along
this particular angular orientation. The 2-Dim distribution provides additional
refractive error information (e.g. spherical equivalent, cylindrical power, and
cylindrical axis). The APR illumination is theoretically modeled using a 1-Dim
array of light sources located from -40 mm to 40 mm relative to detector center at
0.5mm increments. The optical computations are accomplished by incorporating
the APR light source size, a relevant eye model, and the camera detector. The
individual light source is modeled as a 4mm disk Lambertian radiation source,
corresponding to the LED light source used in the experiment. A Lambertian
radiation source is directly proportional to the cosine of the angle between the
observer's line of sight and the surface normal. The eye is first modeled with an
aberration-free Gaussian thin lens, and then later using a schematic eye model.
The camera focusing lens and detector is modeled using a paraxial focusing
element and a circular aperture of 8 mm in diameter. The APR camera/eye
working distance is set to 1 m in length. 108 rays for each ocular path are
randomly passed through the eye model‟s entrance pupil diameter to generate
the retinal blur and retinal reflex. The individual surface models and simulation
parameters are then incorporated into an optical ray-tracing program
(ZEMAX) to simulate the APR results.
Pupil Diameter, Defocus, and Light Source Effects on APR
Measurements
The APR analysis method abolishes the crescent analysis and slope
methods. The new scheme sums up the total intensity inside the pupil in each
PR image. The related intensity between the eccentric PR and the coaxial PR
intensity is plotted to determine the defocus. The total crescent intensity is
proportional to the total retinal reflex intensity that enters the camera detector. If
the camera detector pupil is small compared to the reflex cone on the detecting
plane, the reflex profile can be reproduced using a one-dimensional APR
imagining practice. Therefore, a bell-shaped curve of an integrated reflex
intensity distribution (IRID) is created from the different light source positions to
mimic the subject‟s retinal reflex intensity.
Figure 3-9 shows several simulated one-dimensional (1-Dim) integrated
reflex intensity distributions (IRID) with different refractive errors. The simulation
results are generated using the thin lens (Gaussian optics) eye model and a
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3mm, 5mm, and 7mm pupil diameter. See APPENDIX B for a brief discussion of
Gaussian optic image formation. The gray horizontal line corresponds to the
integrated reflex intensity at ½ of the maximum intensity value. The two gray
vertical lines give the location of the 8 mm detector used in the calculations.
Each colored line corresponds to a different defocus, (i.e. refractive error relative
to the instrument‟s neutralization refraction), myopic (solid) and hyperopic
(dashed). The neutralization is at -1D, since the working distance is at 1 meter.
The defocus and pupil diameter increase the integrated reflex intensity for the
same light source location. This causes the IRID to become wider for larger
defocuses and pupil diameters. Figure 3-10 shows the simulation results after
the x-axes (light source positions) are normalized according to the pupil
diameter, defocus (
), and the working distance. Figure 3-10 illustrates the
linear relationship between the normalized integrated intensity and eccentric light
source positions once the defocus, pupil diameter, and camera working distance
influences are eliminated. The shaded area corresponds to the double-pass PSF
area defined in equation 3-4. The distribution curvature differs significantly for
smaller pupil diameters and defocus values. According to equation 3-5, the
reflex diameter has a minimum value that is determined by the detector size.
The linear relationship is no longer true as the defocus decreases and the reflex
size becomes close to the size of detector. Therefore, to reduce the insensitive
detection region near neutralization the detector size could be reduced.
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Figure 3-9: Theoretical integrated reflex intensity distributions simulated using a
thin lens eye model with different refractive errors illustrating that the distribution
width increases with the defocus and pupil diameter.
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camera working distance influences are eliminated.
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2

Monochromatic Aberrations Influence on APR Results
The human eye is more accurately modeled by adding proper amounts of
high-order aberrations (HOAs) into the eye model; which in turn can be used to
evaluate the effects HOA has on the IRID. Table 3-1 shows high-order
aberration population variations from approximately 2000 healthy eyes (Salmon
& van de Pol, 2006). The aberration population variations are presented as the
mean and standard deviation for the 3rd to the 6th order Zernike coefficient. The
HOAs are approximately an order of magnitude smaller for the 3mm pupil
diameter than those of the 6mm pupil diameter. This is further evidence that
larger pupil diameters have greater amounts of monochromatic aberrations and
that the pupil diameter should be appropriate to regular room lighting or reading
conditions when determining the refractive error. These HOA distribution results
provide a mechanism to more accurately model real human eye‟s HOAs based
on the variance in the population. A Zernike wave-plate with different levels of
aberrations is inserted at the thin lens location to replicate the HOAs. The
different amounts of HOA correspond to: an average amount, an average plus
two standard deviations 2σ, and an average minus 2σ. Since the actual APR
experiment is always taken under room light conditions, the computational
evaluation is only performed for the pupil diameters of 5 mm and smaller. The
thin lens eye model with the incorporated HOAs is then used to simulate the
expected IRID. Figure 3-11 shows the simulated results with extreme HOAs of a
5mm pupil diameter. The vertical gray lines correspond to the specific 5.0mm,
8.7mm, and 10mm eccentricities of light source locations used in the actual
experimental design, discussed later in section 3.2.b. The expected IRID without
HOAs is presented as a comparison (black line). The dashed colored lines show
results for the thin lens model when the extreme amounts of HOA are added.
The HOAs cause only small changes to the resulting curves for the myopic eye
models. The curves become more narrow (less hyperopic) when HOAs are
introduced to the hyperopic eye models. The effect becomes more pronounced
as the defocus increases. As judged from the changes of the curve‟s width, the
maximum error is ~ 1 diopter (under evaluated) and occurs for a 5mm pupil with
a hyperopia of +6 diopters (
).
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Table 3-1: Healthy subject high-order aberration population variations are
presented as the mean Zernike coefficient ± 1 standard deviation (μm) based on
a large population of 2000 healthy adult subjects (Salmon & van de Pol, 2006).
These data are incorporated into the thin lens model to more accurately simulate
a human subject’s integrated reflex intensity distribution.
Zernike Term

Pupil diameter (mm)
6.0
5.0
0.106 ± 0.088 0.069 ± 0.056
0.143 ± 0.118 0.082 ± 0.069
0.090 ± 0.076 0.056 ± 0.047
0.081 ± 0.066 0.052 ± 0.043
0.038 ± 0.033 0.023 ± 0.020
0.027 ± 0.023 0.017 ± 0.015
0.128 ± 0.096 0.064 ± 0.049
0.048 ± 0.039 0.026 ± 0.023
0.043 ± 0.038 0.025 ± 0.022
0.025 ± 0.022 0.011 ± 0.010
0.024 ± 0.021 0.010 ± 0.009
0.028 ± 0.024 0.012 ± 0.011
0.020 ± 0.018 0.009 ± 0.008
0.018 ± 0.016 0.008 ± 0.007
0.023 ± 0.021 0.010 ± 0.009
0.019 ± 0.018 0.007 ± 0.006
0.014 ± 0.014 0.005 ± 0.005
0.012 ± 0.011 0.004 ± 0.004
0.024 ± 0.020 0.008 ± 0.007
0.016 ± 0.016 0.006 ± 0.006
0.017 ± 0.016 0.006 ± 0.006
0.020 ± 0.018 0.007 ± 0.006
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4.0
0.040 ± 0.033
0.045 ± 0.038
0.033 ± 0.027
0.030 ± 0.026
0.012 ± 0.011
0.009 ± 0.008
0.028 ± 0.022
0.013 ± 0.013
0.013 ± 0.012
0.004 ± 0.003
0.003 ± 0.003
0.004 ± 0.004
0.003 ± 0.003
0.003 ± 0.002
0.003 ± 0.003
0.002 ± 0.002
0.001 ± 0.001
0.001 ± 0.001
0.002 ± 0.002
0.002 ± 0.002
0.002 ± 0.002
0.002 ± 0.002

3.0
0.019 ± 0.016
0.021 ± 0.018
0.015 ± 0.013
0.014 ± 0.013
0.005 ± 0.004
0.003 ± 0.003
0.010 ± 0.008
0.005 ± 0.005
0.005 ± 0.005
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.000 ± 0.000
0.000 ± 0.000
0.000 ± 0.000
0.000 ± 0.000
0.000 ± 0.000
0.000 ± 0.000
0.000 ± 0.000
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Figure 3-11: Integrated reflex intensity distribution comparison between extreme
amounts of high-order aberrations introduced into the thin lens eye model (dotted
colored lines) and the aberration free thin lens eye model (black solid lines). The
HOAs cause the distribution to become altered from the ideal aberration free
case. The 2 dashed lines with the same color indicate 2 HOA extreams of a +2
and a -2 eyes.
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A second method of evaluating the HOA effect on refractive error and
defocus is also performed using a schematic eye model based on anatomical
data (Escudero-Sanz & Navarro, 1999). The schematic eye model captures the
main features of the wide-angle optical design of the human eye with minimum
complexity: four conic optical surfaces plus a spherical image surface and the
corresponding refractive indexes. This eye model exhibits an average human‟s
HOAs (e.g. spherical, coma, astigmatism, and field aberration) up to a 60 degree
field angle. Table 3-2 gives the geometry and optical medium of the schematic
eye model. Additional HOAs (2σ) are then introduced by varying the cornea‟s
conic constant (Q) according to the normal population distribution. The Q= -0.26
is the average Q value in the normal population, and -0.56 and +0.04 are the 2
sigma variation quoted from the literature (Atchison D. , 2006). These Qdependent aberrations are given regardless of the refractive error status, since
no significant correlation between the two has been found (Cheng, Bradley,
Hong, & Thibos, 2003). The ocular refraction is controlled by the use of a virtual
thin lens at the eye‟s pupil location. Optimization on the virtual lens is performed
to ensure the desired refractive error is produced. Thus, this eye model
represents the population distribution of HOAs for a specific refractive error.
Figure 3-12 shows the simulated IRIDs using the schematic model with 2σ
variations in the conic constant for a 5mm pupil diameter. These simulated IRID
results demonstrate the maximum defocus detection inaccuracy caused from
extreme amounts of HOAs. As before, the thin lens aberration free results are
plotted for comparison (solid black lines). The conic constants used correspond
to the average +2σ (dashed lines) and -2σ (dotted lines). When the average -2σ
conic constant is applied, the results approach those in the aberration free case
because this corneal curvature reduces the HOAs (e.g. spherical aberration).
The average +2σ conic constant give results with elevated amounts HOAs.
Hence, the majority (95% assuming the HOA results come from a normal
distribution) of human subjects should be expected to have an integrated
intensity distribution between the simulated -2σ to +2σ results. The human eye
mean HOA results are half-way between the aberration free and +2σ HOA
results. Traditional crescent and slope methods using paraxial optics analysis
will have at least this amount of error. By including the mean HOA, the PR
measurement result reduces at least 50% of error caused from HOA. As judged
from the changes of the curve‟s width, the maximum error is approximately 0.5
diopters for a +6D hyperopic eye with +2σ amount of HOAs.
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Table 3-2: Schematic wide-angle eye model parameters used to model an
average human eye and later used to simulate the integrated reflex intensity
(Escudero-Sanz & Navarro, 1999).
Surface

Type

1
2
Stop
3
4
Image

Conic
Spherical
Plane
Conic
Conic
Spherical

Conic
Constant
-0.26
0
0
-3.1316
-1.0
0

Thickness
(mm)
0.55
3.05
0
4.00
16.3203

Optical
Medium
Cornea
Aqueous
Aqueous
Lens
Vitreous

HO Aberration Influence
Navarro Model
( 5mm pupil diameter)
Solid black: Aberration Free
Dashed color: Navarro +2
Dotted color : Navarro - 2
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Figure 3-12: Integrated reflex intensity distribution comparison between extreme
amounts of high-order aberrations present in the schematic eye model (dotted
colored lines) and an aberration free thin lens eye model (black solid lines). The
±2σ conic constants (Q) create additional HOAs that cause the distribution to
become altered from the ideal aberration free case.
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Stiles-Crawford Effect on Effective Pupil Size and Ocular
Aberrations
The effect of the incoming light‟s directional dependence (Stiles-Crawford
effect) on the IRID is also evaluated, since it reduces the measurement error
associated with HOAs. The Stiles-Crawford effect (SCE) is caused by the retinal
photoreceptors acting as an optical waveguide, similar to an optical fiber. The
perceived intensity of light is consequently a function of the ray entrance pupil
position. The function has a maximum intensity near the pupil center, and drops
off parabolically towards the periphery. The retinal reflection also has the same
directional characteristics (Gorrand, Alfieri, & Boire, 1984; Burns, Wu, F, &
Elsner, 1995).
The SCE is optically modeled by multiplying the intensity by an attenuation
factor as a function of the pupil radius. The SCE is then incorporated into the
thin lens and schematic eye models. Figure 3-13 shows the effect that different
levels of SCE have on the IRID using the thin lens model without HOAs for a
5mm pupil. The thin lens myopic and hyperopic defocus distribution results
effects are virtually the same. When the SCE increases the effective pupil
diameter decreases, thereby causing the IRID to become narrower. The SCE
becomes more pronounced for larger defocuses.
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Figure 3-13: Integrated reflex intensity distributions comparison between the thin
lens eye model when the SCE is absent (blue lines), and when SCE of statistic
mean (50%) and 97.5% population are introduced into the thin lens eye model
(orange and red lines). The increases of SCE results to the decrease of the
effective pupil diameter, thereby causing the IRID to become narrower.

Other than the effective pupil size, a second influence of the SCE is the
amount of HOAs. To examine this effect, the modified Navarro model is used for
the evaluation. Figure 3-14 shows the effect that different levels of SCE have on
the reflex distribution for the 5mm pupil Navarro eye model with the average
conic constant (Q=-0.26). When the SCE is introduced (cyan and orange lines),
the IRIDs from the Navarro eye models without the SCE (blue and red lines)
approach those of the thin lens model with no HOAs and SCE (black dotted line).
This suggests that the inaccuracies in the APR defocus measurement due to
HOAs are less severe than initially calculated in Figure 3-12.
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Figure 3-14: Integrated reflex intensity distributions comparisons when the SCE
and HOAs are both absent (black lines), when the SCE is absent in the
schematic eye model (blue and red lines), and when the SCE is present in the
schematic eye model (cyan and orange lines). When the SCE is introduced the
distribution results approach those of the thin lens model with no HOAs and SCE.
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Gazing Angle Effect on Retinal Reflex
The previously described ametropic schematic eye model, representing
average human eyes with the SCE, is used to evaluate the IRID differences with
different gazing angles. Several upward gazing angles, 0, 15, 30, and 40 prism
diopters (Δ), are used to simulate a wide range of possible gazing angles. These
angles are defined from the optical axis of the eye, and the kappa angle
correction is not applied when performing the optical simulations. The different
gazing angles are evaluated by calculating the entire two-dimensional (2-Dim)
reflex intensity distribution. Figure 3-15 show the 2-Dim reflex intensity
distribution at the detection plane with different ocular gazing angles for a -4D
(upper) and -6D (lower) myopic eyes with a 7mm pupil. The black contours
correspond to the intensity at ½ the maximum and the zero intensity boundaries.
As the gazing angle is increased, the distribution width is seen to significantly
reduce. The retinal reflex is found to become less rotationally symmetric, due to
the asymmetric HOAs (e.g. coma). The gazing angle appears to drastically
change the reflex when the defocus is smaller. Therefore, these results
demonstrate the need to perform EPR measurements along several angular
orientations, and to identify unacceptable gazing angles before the analysis.
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Figure 3-15: 2-Dim reflex intensity distribution for different ocular gazing angles
illustrating the asymmetric reflex appearance as the gazing angle increases. The
top row corresponds to a -4D eye, the bottom row corresponds to a -6D eye, and
the black dots correspond to half maximum and zero reflex intensity values. The
retinal reflex becomes less rotationally symmetric, due to the asymmetric HOAs
caused by the gazing angle.
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The gazing angle is further investigated by examining a 1-Dim slice of the
retinal reflex intensity. The 1-Dim slice is chosen such that it is parallel or
perpendicular to the gazing direction. Figure 3-16 illustrates how the 1-Dim IRID
shifts as the gazing direction is perpendicular to the light source eccentricity
direction. A 5mm pupil diameter is used. Naturally, the curves are symmetric to
the center. The vertical gray lines correspond to the inner eccentric APR light
source experimental locations (± 5mm). The gazing angle does not change the
effective pupil size. The curved retinal surface causes a shorter effective image
surface distance as the gazing angle is increased. This tends to cause all the
results to shift towards the hyperopia direction (defocus becomes more positive).
Thus, the induced retinal reflex intensity cone is larger for a hyperopic eye and
smaller for a myopic eye. Therefore, the defocus of a hyperopic eye would be
overestimated, while that of a myopic eye would be underestimated. When the
gazing direction is parallel to the eccentricity direction, the situation becomes
more complex. As shown in Figure 3-17 (5mm pupil), the effective pupil diameter
reduces as the gazing angle increases, and the IRID curves are no longer
symmetric. The effective image surface also reduces, causing the hyperopic
shift again. Furthermore, off-axis aberrations become more significant as the
gazing angle is increased.
The gazing angle affect on the resulting
measurement is difficult to be represented with simple formulas. Fortunately,
when the gazing angle is less than 15 Δ, (red line) the IRID is very close to the 0
Δ (black line). This suggests that if the gazing angle is less than 15 Δ, an
accurate defocus measurement is still achievable. Therefore, a measure of
ocular orientation before the PR measurement is essential for the accurate
analysis. Figure E-7 and Figure E-8 in the appendix, show the same IRID results
for amtropic eyes with a 3mm pupil.
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Figure 3-16: Integrated reflex distribution dependence on gazing angles
perpendicular to the light-source/detector angular orientation illustrating that the
distribution width decreases for myopic and increases for hyperopic eyes when
the gazing angle increases (5mm pupil diameter).
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Figure 3-17: Integrated reflex distribution dependence on gazing angles along
the light-source/detector angular orientation illustrating that the effective pupil
diameter decreases, the distribution width changes, and that off-axis aberrations
increase with the gazing angle (5mm pupil diameter).
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Reflex Characteristic Parameters – The Approach to a Refractive
Error Measurement
The integrated reflex intensity distribution (IRID) characteristics need to be
determined so that they can be used to experimentally measure the defocus and
refractive error. The Navarro-based ametropic eye model with the mean SCE
employed is used to simulate the true IRID prediction from human eyes. Figure
3-18 shows the simulated integrated reflex intensity distributions using this eye
model with 3, 5, and 7 pupil diameters. Hyperopic refractive errors (positive sign)
are given by the dotted curves while myopic refractive errors (negative sign) are
given by the solid curves. The figure descriptions are the same as the previous
thin lens results, Figure 3-9. The main difference now is that when the pupil
diameter increases the IRID begins to differ between hyperopic and myopic
conditions. These differences are due to the inclusion of the statistical HOA
mean. Although the SCE reduces the influence of the HOA effect on the IRID, as
the pupil diameter increases (>5mm) the HOA influences cause the IRID width to
change.
Defocus is characterized by calculating the width of the predicted IRIDs
since they seem to change monotonically as the defocus varies. The calculated
IRIDs are fitted to a 1-Dim Gaussian function that has an independent parameter
that describes the width of the reflex cone:
3-6

,

where
is the light source eccentricity from the detector center and σ is a
constant that describes standard deviation from the mean. The standard
deviation σ is related to the full width at half maximum (FWHM) parameter of the
peak by:

.

3-7

The theoretical results in Figure 3-18 are fitted to Equation 3-6 using a
non-linear least squares technique with LabVIEW software (National
Instruments). This least-square fitting technique minimizes the difference
between the Gaussian distribution function and the calculated theoretical data
using the distribution standard deviation (σ) that is optimized. The technique
requires an initial estimate of the width parameter. The initial width parameter is
determined from approximating the width of the IRID, and then utilizing equation
3-6 and 3-7. Figure 3-19 shows the theoretically predicted integrated intensity
(x‟s are myopic and circles are hyperopic results) and the corresponding fitted
Gaussian distribution curves (dotted for myopic and solid for hyperopic results)
for a 5mm pupil diameter. The different colors correspond to distinct levels of
defocus. This figure shows that Gaussian fitting can properly determine the
width (FWHM) of the theoretical results (symbols) over the refraction range.
Therefore, the fitted FWHM can be used as one accurate parameter to identify
refractive error.
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Figure 3-18: Integrated reflex intensity distributions from the schematic eye
model with the SCE introduced corresponding to the average human eye.
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Figure 3-19: Simulated integrated reflex intensities (circles for hyperopic and x’s
for myopic results) from the average human eye model, and the corresponding 1Dim fitted Gaussian distribution curves (solid for hyperopic and dashed for
myopic results) for a 5mm pupil diameter illustrating that the simulated results
can be approximated using the width parameter: -1D (black); 2D and -4D
(green); 4D and -6D (orange); 7D and -9D (red).
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Figure 3-20 shows how the fitted width parameter (FWHM) varies with the
refractive error for a 5mm pupil diameter. When away from neutralization (i.e. 1D) the width parameter becomes linear with the defocus. From -2D to 0D the
fitted width parameter is nearly identical, illustrating that the width parameter
cannot be used to distinguish refractive errors in this range of defocus. Thus, to
characterize the refractive errors near neutralization, a different characteristic
parameter is required.
The integrated intensity ratio between the coaxial and the 5mm light
source location (the minimum eccentricity in the experiment that will be described
later) is useful when the defocus is near neutralization. Figure 3-21 shows how
this integrated intensity ratio varies with the refractive error for a 5mm pupil
diameter. The intensity ratio drastically and monotonically reduces as the
defocus moves toward neutralization. Thus, this integrated intensity ratio can
describe refractive errors near the neutralization (-1D), when the reflex cone‟s
width is small and approaches the detector size. In addition to these 5mm pupil
results 3 and 7mm pupil results are presented in APPENDIX E (Figure E-9 to
Figure E-14).
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Figure 3-20: Calculated FWHM parameter dependence on the refractive error for
a 5mm pupil diameter illustrating the linear relationship between reflex width and
the defocus when away from neutralization(-1D).

Figure 3-21: Integrated reflex intensity ratio between the coaxial and 5mm light
source positions dependence on the refractive error for a 5mm pupil diameter
illustrating that this intensity ratio can describe the defocus near neutralization (1D).
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3.2.b Experimental Approach – Refractive Error
Figure 3-22 shows a diagram of the (not scaled) optical APR design that
creates and captures the integrated reflex intensity IRID using the array of
individual light sources. The APR measurement begins with the individual light
source‟s radiation reflected off of the beamsplitter and propagated into the
subject‟s eye, see red arrow path in Figure 3-21. After the light reflects off the
subject‟s retina, it is reflected by the hot mirror and continues through the
beamsplitter until it reaches the high-speed digital camera (Prosilica); see the
yellow arrow path in Figure 3-21. Finally, the camera captures each LEDinduced retinal reflex at the appropriate time window. A complete description of
the individual optical and electrical hardware components used during the APR
experiment (e.g. hot mirror, beamsplitter, light sources, custom-built circuit, and
digital camera) is described in more detail in APPENDIX C. Figure C-1 shows
an image of the experimental apparatus used to measure the refractive error with
the APR approach.
One of the most important APR design improvements is the 2-dimentional
near-infrared (NIR) light source array. NIR narrow band light sources are used to
prevent stimulating pupil response when human subjects are used. From the
previous theoretical analysis of the 1-dimensional IRID, it became apparent that
to measure refractive errors and astigmatism, multiple angular orientations must
be measured. Therefore, the experimental APR light source configuration is
constructed as a 2-dimensional (2-Dim) array of individual light sources. Figure
3-22 (black image on the left) shows the APR light source configuration projected
onto the hot mirror from the optical beam splitter as the subject would view them.
The light sources are aligned along 12 different azimuthal light source angular
orientations (12 different θ angles separated by 30⁰ along a circle). Because of
the use of beam splitter, the red circle corresponds to the related location of the
camera aperture diameter (D=8mm), while the remaining colored circles illustrate
the 21 LED light sources in the 5 relative eccentric positions. The 21 light
sources are: 1 coaxial (eccentricity=0mm; green), 6 along the detector aperture
(e=5mm; yellow), 6 in the 1st eccentric layer (e=8.7mm; blue), 6 in the 2nd
eccentric layer (e=10mm; purple), and 2 in the distant 3rd eccentric layer
(e=40mm; cyan). The measured reflex intensity that is induced by the two far
eccentric LEDs are used to justify intraocular multiple scattering/reflection
contribution. The reflex signal level of the 2, if present, is considered the offset
background and will be subtracted from the rest 19 reflex measurements. Then,
the reflex signal from the single coaxial light source (green circle) is used to
normalize the 2-dimensional IRID. The 6 light sources along the detector
(yellow) can be used to accurately differentiate the defocus when it is near
neutralization.
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Figure 3-22: Experimental setting of APR approach. The eye views a visible
fixation target (green arrow) as NIR LED light rays (red arrows) induce retinal
reflexes (orange arrows), and the camera captures the images. The beamsplitter
projects LED display onto the camera entrance pupil (shown on the left side). A
movie of the defocus measurement of the artifical eye shows the reflex as the
LEDs move radially outward from the coaxial position (bottom).
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During this initial investigation an artificial eye is used in lieu of human
subjects. The commercial physical (artificial) eye model (Heine ) is used to
experimentally verify the APR defocus theoretical analysis and the subsequent 2Dim IRID analysis. It is commonly used as a teaching aid to ophthalmologists
performing defocus measurements with the retinoscope. The spherical refractive
error can be set to any value in steps of 0.5 D from -7 to +6 D. The pupil
diameter can be varied from 2, 3, 4, 5, 6, 8mm. During the experiment the
physical eye‟s refractive error is varied from -6D to +4D in increments of 1D for
small to mid-size pupil diameters of 3, 4, and 5mm.
A static fixation target is also available for future use with human subjects;
see the green arrow path in Figure 3-21. This will reduce the unwanted effects of
accommodation that plague photorefraction instruments. The fixation target is
aligned coaxially with the coaxial LED light source projection. The target is
shown on a computer screen ~3m away from the eye. Thus, the measurement
will not have influential accommodation if the subject is fixating on the target.
The hot mirror reflects infrared illumination and reflex and permits visible light to
transmit from the fixation screen to the eye.
In preparation to reduce high-order aberration influences when measuring
human eye‟s refraction, the experiment is designed to be performed under room
light conditions and decreased pupil diameter. This provides an environment that
is typical for the performance of most visual tasks. Smaller pupil diameters in
turn reduce the unwanted monochromatic aberrations effect on the defocus
measurements, as discussed previously. However, the smaller pupil diameter in
room light condition requires higher light source intensity to induce a sufficient
retinal reflex intensity for detection. Therefore, a feedback loop determines the
required light source radiation duration according to individual retinal reflectance
detected from the coaxial illumination (described in the Adaptive Instrument
Control section of APPENDIX E). The optimal signal level and EPR image
contrast can then be achieved regardless of the individual subject‟s pupil size
and retinal reflectance level variations.
3.2.c Integrated Reflex Intensity Distribution Analysis
When astigmatic eyes are measured with the APR approach, the
previously defined 1-Dim integrated intensity reflex distribution (IRID) analysis, as
described on page 60 requires an extension to describe the 2-Dim elliptically
symmetric retinal reflex. The correction power of an astigmatic eye can be
expressed with a general function of the ocular meridian angle, in terms of the
spherical component of the power (S) and a cylindrical power (C) with a
cylindrical axis along the direction (α):

.

3-8

The azimuth angle specifies the meridian relative to the counterclockwise angle
with zero defined as the horizontal meridian from the viewpoint of an observer
looking at the eyes.
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The refractive state of the eye is often described in terms of 3 parameters
(S, C, α) as the sphero-cylindrical power (SCP), and the clinical representation is
written as: S/C x α (Atchison & Smith, 2000). The SCP corresponds to the best
spherical and cylindrical lens power combination that can correct the ocular
vision. The two extreme, perpendicular meridian powers (S 1 and S2) are related
to the SCP variables as:
3-9

.
The spherical equivalent power (SEP) is the lens power that corrects the average
ocular refraction over all meridians, and would therefore give the best vision if a
cylinder correction could not be used. The SEP is the mean of S1 and S2, and is
related to the SCP variables in one form as:
3-10

.

The ocular refractive power, as described above, can also be described in
terms of an ellipse that represents the FWHM contour of the 2-Dim IRID. The
equation for an ellipse is given by:
3-11

,

where corresponds to the FWHM along the semi-major axis and corresponds
to the FWHM along the semi-minor axis (assuming < ). The ellipse equation
parameters ( and ) directly correspond to the two perpendicular spherical
powers (S1 and S2). The elliptical shape can be rotated by applying a rotation
transformation to the original system‟s coordinates ( , ) into a rotated coordinate
system ( , ):
3-12

.
The rotated coordinate system is given by the counterclockwise rotation angle
(α).
A two-dimensional analysis method (surface fitting) is developed to
characterize the 2-Dim integrated reflex intensity distribution (IRID) content using
several descriptive parameters (e.g. width, angular dependence). The best fitted
elliptical 2-Dim distribution function must be chosen such that it embodies the
theoretical prediction and is robust to individual subject differences. Section
3.2.a found that a 1-Dim Gaussian distribution function (given by equation 3-6)
correctly overlapped with the theoretical integrated reflex distributions for a wide
range of refractive errors. Therefore, a 2-Dim Gaussian distribution function with
this same behavior is chosen to represent the 2-Dim integrated reflex intensity
distribution:
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3-13

,

where
is the normalized integrated intensity,
and
give the transformed
perpendicular coordinate system. The three parameters (a,b,c) are given by:

,
3-14

,
,
where
and
describes the width parameters along the
The transformed light source locations and are given by:

,

and

directions.

3-15

,
where and give the original light source locations,
and
correspond to a
new shifted peak, and
gives the orientation of the transformed coordinate
system. Therefore, if the measured 2-Dim integrated reflex intensity distribution
is fitted to this 2-Dim elliptically symmetric distribution function the ocular defocus
state could be calculated from the SCP variables (S, C, α).
The integrated intensity ratios of the coaxial to the 5mm-eccentric light
sources, shown in Figure 3-22 (yellow inner ring), is another parameter that was
shown to be correlated to small levels of defocus. The correlation was shown to
be strongest near neutralization (-1D), see Figure 3-20. The ratio is calculated
for each of the six light sources located at the 5mm radial location. Then, the six
integrated reflex intensity ratios are described using a polar coordinate system.
The intensity ratio magnitude corresponds to the radius coordinate (r), and the
light source angular location is the angular coordinate (θ). This integrated reflex
intensity ratio distribution is then fitted to a rotated ellipse using equations 3-11
and 3-12. As before, the fitted ellipse parameters , , and directly correlate to
the definitions of the two perpendicular spherical powers (S1 and S2), and the
axis of the cylindrical correction (α). Therefore, quantitative parameters are
obtained even when the refractive error is near neutralization (i.e. low defocus).
3.2.d Experimental Results
Figure 3-23 compares the experimental artificial eye‟s integrated reflex
intensity (points), for a 5mm pupil diameter, with the corresponding theoretical
IRID prediction (line). Since the exact optical layout and HOA of the artificial eye
is unknown, these experimental results are compared with the theoretical
prediction using thin-lens model (as shown in Figure 3-9). The 6 experimental
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data points of same radial eccentricity are presented as the average value
(circle), and the standard deviation (bar). The comparison is evaluated for nine
different refractive errors (-6D, -4D, -3D, -2D, -1D, 0D, 1D, 2D, and 4D). In the
thin lens model, the theoretical lines are identical when the defocus quantities are
the same (e.g. -2D and 0D, -6D and 4D). However, the experimental data is
shifted when the same defocus is measured and they have different defocus
signs (i.e. myopic and hyperopic conditions; e.g. -6D and 4D). The experimental
hyperopic results have a higher integrated intensity than the theoretical prediction
while the myopic results agree well with the theory.
Nevertheless, the
experimental fake eye results follow the same theoretical curve‟s trend (i.e.
increasing integrated intensity with increasing defocus). Similarly, Figure E-15 in
APPENDIX E shows the same comparison using a 3mm pupil diameter.
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Figure 3-23: Experimental fake eye integrated reflex intensities (points with error
bars) compared with the theoretical prediction (line) for a 5mm pupil diameter: 1D (red); 0D and -2D (green); 1D and -3D (blue); 2D and -4D (purple); 4D and 6D (cyan). The experimental hyperopic results have a higher integrated
intensity.
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The experimental 2-Dim IRID is then fitted using the 2-Dim Gaussian
distribution discussed on page 85. Figure 3-24 to Figure 3-32 show the fitted
Gaussian surfaces and the 2-Dim projection of the optometry x-y plane for a
5mm pupil. All 21 experimental integrated reflex intensity values (at a radial
position of 0, 5, 8.7, and 40mm) are used to fit the 2-Dim distribution. The 2-Dim
projection on the upper right corner of each figure illustrates more clearly the
fitted cylinder and the corresponding principal meridians of astigmatism (i.e. red
arrows), if present. The experimental integrated intensity values are shown as
white circles at their positions and the height along the z direction corresponds to
the integrated intensity. The defocus increases with the cone width as predicted.
Figure E-16 to Figure E-24 shows the fitted Gaussian distribution surfaces and
the 2-Dim projection of the x-y plane for a 3mm pupil.
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Figure 3-24: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a -6D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-25: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a -4D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane(dotted red line shows the 2
principal meridians).
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Figure 3-26: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a -3D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-27: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a -2D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-28: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a -1D defocusrefractive error. The upper right image
shows the projection of the fitted surface along the x-y plane (dotted red line
shows the 2 principal meridians).
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Figure 3-29: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a 0D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-30: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a 1D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-31: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a 2D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure 3-32: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 5mm pupil and a 4D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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The fitted experimental characteristic width parameter is then compared to
the fitted theoretical thin lens and the Navarro with the SCE simulation results.
Figure 3-33 compares the 2-Dim Gaussian fitted IRID width parameter (FWHM)
from fake eye results with the theoretical simulation results for a 5mm pupil
diameter.
The symbols indicate the experimental results: red circle‟s ο
correspond to the max width, the green x‟s x correspond to the min width, and
the magenta triangle‟s Δ correspond to the average of the two widths. The solid
magenta line shows the fitted line of the experimentally measured average width.
The two dashed curves indicate the theoretical prediction results: black line
corresponds to the thin lens eye model and the blue line corresponds to the
average human eye model lens. Since the fake eye only has spherical power,
the average of the widths (i.e. spherical equivalent) more closely relates to the
theoretical simulations. These results show that the IRID width is linear with
defocus when the defocus is greater than 1D (i.e. less than -2D and greater than
0D). Also away from neutralization the width can distinguish the defocus,
because there is ~0.3D change for every 1mm change in the fitted width. The
experimental and theoretical results are shifted along the neutralization refraction
that causes the defocus to appear different. The accuracy is greater for
determining myopic defocus and is reduced for hyperopic defocus. The
difference between experiment and the theoretical prediction is greatest in the
hyperopic range (1D to 4D), where as much as 0.6D errors occur. The
experimental defocus is much closer to the theoretical predication in the myopic
defocus (-3D to -6D), where as much as 0.2D errors occur. In addition to the
spherical defocus error, the cylindrical defocus (seen between max and min
FWHM) introduces error into the measurement. The measured cylindrical
defocus presents the estimation of systematic error since the fake eye has only
spherical power. Figure E-25 in the appendix shows the relationships between
the fitted widths with the theoretical prediction eye‟s refractive error and defocus
using a 3mm pupil diameter.
In additional to the IRID width, the ratio of the coaxial integrated intensity
and the 5mm eccentric integrated intensity is used to measure defocus near
neutralization. Figure 3-34 shows how the integrated intensity ratios for a 5mm
pupil diameter vary with the refractive error and defocus. When the refractive
error is near neutralization (-1D) the integrated intensity ratio shows a drastic
change that would indicate that it can correctly identify the defocus in this region.
For example, the experimental integrated intensity ratio at neutralization (-1D) is
over two times larger when the defocus is greater than 1D (i.e. less than -2D and
greater than 0D). As before, the defocus is overestimated by 0.4D with the fitted
width when the defocus is hyperopic (e.g. 0D). The defocus is underestimated
by 0.1D when the defocus is myopic (e.g. -2D). The defocus difference between
experiment and theoretical prediction is greatest at neutralization by 0.7D.
Figure E-26 in the appendix shows the relationships between the integrated
intensity ratios with the artificial eye‟s refractive error and defocus using a 3mm
pupil diameter.
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FWHM vs. refraction: 5mm pupil diamter
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Figure 3-33: Experimental Gaussian distribution fitting widths (FWHM) compared
with the widths from the theoretical thin lens and the average human eye model
for a 5mm pupil diameter. The symbols indicate the experimental results: red
circle’s ο correspond to the max width, the green x’s x correspond to the min
width, and the magenta triangle’s Δ correspond to the average of the two widths.
The solid magenta line shows the fitted line of the experimentally measured
average width (i.e. spherical equivalent). The two dashed curves indicate the
theoretical prediction results: black line corresponds to the thin lens eye model
and the blue line corresponds to the average human eye model lens.
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Intensity ratio vs. refraction: 5mm pupil diamter

Fitted integrated intensity ratio

8
Thin lens prediction
Avg human eye prediction
Max ratio
Min ratio
Mean ratio

7

6

5

4

3

2

1
-6

-5

-4

-3

-2

-1

0

1

2

3

Refractive error (D)
Figure 3-34: Experimental integrated intensity ratio, between coaxial and 5mm
eccentricity, and the ratios obtained from the theoretical thin lens and the
average human eye model for a 5mm pupil diameter. The symbols indicate the
experimental results: red circle’s ο correspond to the max width, the green x’s x
correspond to the min width, and the magenta triagle’s Δ correspond to the
average of the two widths. The solid magenta line shows the fitted line of the
experimentally measured average width (i.e. spherical equivalent). The two
dashed curves indicate the theoretical prediction results: black line corresponds
to the thin lens eye model and the blue line corresponds to the average human
eye model lens
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The theoretical FWHM and integrated intensity ratios for an arbitrary pupil
diameter are useful when the experimentally calculated pupil diameter is not
theoretically calculated. Figure 3-35 and Figure 3-36 show the FWHM and ratio
for pupil diameters ranging from 3-7mm that were interpolated using the
calculated thin lens predictions at 3mm, 5mm, and 7mm pupil (see Figure 3-9).
Although not shown here, this was also done for the average human eye models.
Therefore, the FWHM and ratio for any pupil diameter that is experimentally
measured can be calibrated into actual refractive error. Figure 3-37 and Figure
3-38 shows one example of a 4mm pupil that was not theoretically calculated.
The relationships shown Figure 3-35 and Figure 3-36 were used to recreate the
FWHM and ratio vs. refractive error for a 4mm pupil, respectively. The 4mm
pupil experimental data are presented in a similar fashion as the previous 5mm
results.
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FWHM vs. pupil diamter: Thin lens results
35

Rx =-6
Rx =-4
Rx =-3
Rx =-2
Rx =-1
Rx =0
Rx =1
Rx =2
Rx =4

30

FWHM (mm)

25

20

15

10

5

3

3.5

4

4.5
5
5.5
Pupil diamter (mm)

6

6.5

7

Figure 3-35: Predicted FWHM for different pupil diamters calculated from the
theortical thin lens prediction used to calculate the theortical FWHM for any pupil
diamter.
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Integrated intensity ratio vs. pupil diamter: Thin lens results
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Figure 3-36: Predicted integrated intensity ratio for different pupil diamters
calculated from the theortical thin lens prediction used to calculate the theortical
ratio for any pupil diamter.
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FWHM vs. refraction: 4mm pupil diamter
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Figure 3-37: Experimental Gaussian distribution fitting widths (FWHM) compared
with the widths from the theoretical thin lens and the average human eye model
for a 4mm pupil diameter (see Figure 3-35), and the average human eye model
for a 4mm pupil diamter. The symbols indicate the experimental results: red
circle’s ο correspond to the max width, the green x’s x correspond to the min
width, and the magenta triagle’s Δ correspond to the average of the two widths.
The solid magenta line shows the fitted line of the experimentally measured
average width (i.e. spherical equivelent). The two dashed curves indicate the
theortical prediction results: black line corresponds to the thin lens eye model
and the blue line corresponds to the average human eye model lens.
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Intensity ratio vs. refraction: 4mm pupil diamter

Fitted integrated intensity ratio (a.u.)

8
Thin lens prediction
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Max ratio
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Figure 3-38: Integrated intensity ratio (between coaxial and 5mm eccentricity) of
experiment data (symbols) and the theortical predictions using the thin lens
model at a 4mm pupil (see Figure 3-36), and using the average human eye
model for a 4mm pupil diamter (lines). The symbols indicate the experimental
results: red circle’s ο correspond to the max width, the green x’s x correspond to
the min width, and the magenta triagle’s Δ correspond to the average of the two
widths. The solid magenta line shows the fitted line of the experimentally
measured average width (i.e. spherical equivelent). The two dashed curves
indicate the theortical prediction results: black line corresponds to the thin lens
eye model and the blue line corresponds to the average human eye model lens.
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The predicted refractive error results using the thin lens predication to
calibrate the experimental fitted FWHM results into optical diopters (D) are given
in Table 3-4 and Table 3-5 . The refractive errors (shown in the 1st column) give
the experimental values used during this investigation. The experimentally
calculated pupil diameters are given in the 2nd column. The 3rd and 4th columns
in Table 3-4 give the fitted widths (FWHM) along both the x‟ and y‟ directions
using the 2-Dim Gaussian fitting method for each of the fake eye measurements.
When away from neutralization (-1D), the FWHM is seen to increase with the
defocus. However, the FWHM inadequately describes the refractive error near
neutralization. The 3rd and 4th columns in Table 3-5 show the experimentally
measured integrated intensity ratios along both the x‟ and y‟ directions. The
intensity ratios measured near neutralization can sufficiently describe the
refractive error, but only a slight intensity ratio variation when away from the
neutralization makes the refractive error difficult to predict. Finally, the predicted
refractive error results using the thin lens predication are used to calibrate the
experimental FWHM and intensity ratio results into optical diopters (D). The last
five columns in Table 3-4 and Table 3-5 give the predicted refractive error along
the x‟ direction, y‟ direction, the average refractive error (i.e. spherical
equivalent), the refractive error difference between the actual refractive error and
the predicted spherical equivalent, and the predicted cylindrical refractive power.
The FWHM method is used to predict the defocus when away from neutralization
(i.e. >1D). The mean and standard deviation calibrated spherical equivalent error
away from neutralization is 0.4±0.3 D, 0.3±0.3 D, and 0.3±0.3 D for a 3mm, 4mm,
and 5mm pupil diameter respectively. Conversely, the integrated intensity ratio
method predicts the defocus near neutralization (i.e. ≤1D). The mean and
standard deviation calibrated spherical equivalent error near neutralization is
0.7±0.3 D, 0.5±0.3 D, and 0.4±0.2 D for a 3mm, 4mm, and 5mm pupil diameter
respectively. In contrast to the spherical equivalent, the mean and standard
deviation calibrated cylindrical error (i.e. predicted cylindrical refractive power)
away from neutralization is 0.5±0.1 D, 0.4±0.2, and 0.2±0.2 D for a 3mm, 4mm,
and 5mm pupil diameter respectively. While, near neutralization the cylinder
error is 0.1±0.1 D, 0.1±0.1 D, and 0.2±0.2 D for a 3mm, 4mm, and 5mm pupil
diameter respectively.
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Table 3-3: Fitted 2-Dim Gaussian fitting parameters of integrated reflex intensity
FWHM and the predicted refractive error (Rx) using the thin lens predication.
The predictated mean refractive error corresponds to the calibrated spherical
equivelent, the refractive error difference is the difference between the actual and
predicted sphereical equivalent, and the predicted cylinder is the absolute
difference between the predicted refractive errors along x’ and y’.
Rx
(D)

Dia.
(mm)

-6
-6
-6
-4
-4
-4
-3
-3
-3
-2
-2
-2
-1
-1
-1
0
0
0
1
1
1
2
2
2
4
4
4

3.0
3.9
5.0
3.2
4.1
5.1
3.1
3.9
5.0
3.0
4.0
4.9
3.1
4.0
5.0
3.0
4.0
4.9
3.0
4.0
5.1
3.0
4.1
5.1
2.9
4.0
5.0

FWHM
along
x’ (mm)
16.3
20.8
23.0
10.6
12.9
15.1
8.3
9.7
11.2
7.0
7.4
7.9
6.8
6.9
7.0
7.8
8.6
9.2
9.7
11.4
13.6
12.0
14.8
17.5
16.6
19.7
21.8

FWHM
along
y’ (mm)
14.5
18.0
20.9
9.7
11.9
14.0
7.8
9.0
10.1
6.6
7.0
7.4
6.3
6.4
6.4
7.2
7.9
8.3
8.9
10.4
12.7
11.0
14.0
16.8
15.1
19.2
22.0

Rx
along
x’ (D)
-6.5
-6.6
-6.0
-4.3
-4.2
-4.1
-3.4
-3.2
-3.1
-1.1
-2.4
-2.3
-1.0
-1.6
-1.3
1.0
0.8
0.6
1.9
1.7
1.7
2.9
2.8
2.7
4.6
4.3
3.7
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Rx
along
y’ (D)
-5.9
-5.7
-5.5
-3.9
-3.9
-3.8
-3.0
-2.9
-2.9
-1.0
-1.9
-2.0
-1.0
-1.0
-1.0
0.4
0.4
0.3
1.6
1.4
1.5
2.5
2.5
2.5
4.1
4.1
3.8

SE
Rx
(D)
-6.2
-6.2
-5.8
-4.1
-4.1
-4.0
-3.2
-3.1
-3.0
-1.1
-2.1
-2.2
-1.0
-1.3
-1.2
0.7
0.6
0.4
1.8
1.6
1.6
2.7
2.7
2.6
4.4
4.2
3.8

SE Rx
difference
(D)
0.2
0.2
0.2
0.1
0.1
0.0
0.2
0.1
0.0
0.9
0.1
0.2
0.0
0.3
0.2
0.7
0.6
0.4
0.8
0.6
0.6
0.7
0.7
0.6
0.4
0.2
0.2

Cylinder
Rx (D)
0.6
0.8
0.5
0.4
0.3
0.3
0.4
0.3
0.3
0.1
0.5
0.3
0.0
0.6
0.3
0.6
0.3
0.3
0.4
0.3
0.2
0.4
0.3
0.2
0.5
0.1
0.0

Table 3-4: Fitted 2-Dim Gaussian fitting parameters of integrated reflex intensity
ratio and the predicted refractive error (Rx) using the thin lens predication. The
predictated mean refractive error corresponds to the calibrated spherical
equivelent, the refractive error difference is the difference between the actual and
predicted sphereical equivalent, and the predicted cylinder is the absolute
difference between the predicted refractive errors along x’ and y’.
Rx
(D)

Dia.
(mm)

-6
-6
-6
-4
-4
-4
-3
-3
-3
-2
-2
-2
-1
-1
-1
0
0
0
1
1
1
2
2
2
4
4
4

3.0
3.9
5.0
3.2
4.1
5.1
3.1
3.9
5.0
3.0
4.0
4.9
3.1
4.0
5.0
3.0
4.0
4.9
3.0
4.0
5.1
3.0
4.1
5.1
2.9
4.0
5.0

Ratio
Ratio
along
along
x’ (mm) y’ (mm)
1.3
1.5
1.2
1.3
1.1
1.3
1.8
2.1
1.6
1.7
1.4
1.6
2.8
3.1
2.1
2.3
1.7
2.0
4.6
4.5
3.8
4.0
3.2
3.5
5.4
5.3
5.1
5.0
5.0
5.1
3.3
3.7
2.6
3.0
2.3
2.8
2.0
2.4
1.6
2.0
1.4
1.7
1.6
1.9
1.4
1.6
1.2
1.4
1.4
1.5
1.2
1.4
1.2
1.3

Rx
along
x’ (D)
-6.3
-6.6
-7.0
-4.5
-4.1
-4.0
-3.2
-3.2
-3.1
-2.3
-2.2
-2.2
-2.0
-1.8
-1.6
0.9
0.8
0.6
1.9
1.9
1.9
3.0
3.2
3.2
4.0
4.1
4.1
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Rx
along
y’ (D)
-5.6
-5.5
-5.0
-3.9
-3.7
-3.4
-3.0
-3.0
-2.8
-2.3
-2.2
-2.1
-2.0
-1.8
-1.5
0.6
0.5
0.2
1.5
1.3
1.2
2.3
2.1
1.8
3.4
3.3
2.5

SE
Rx
(D)
-6.0
-6.0
-6.0
-4.2
-3.9
-3.7
-3.1
-3.1
-3.0
-2.3
-2.2
-2.1
-2.0
-1.8
-1.5
0.7
0.6
0.4
1.7
1.6
1.5
2.6
2.7
2.5
3.7
3.7
3.3

SE Rx
difference
(D)
0.0
0.0
0.0
0.2
0.1
0.3
0.1
0.1
0.0
0.3
0.2
0.1
1.0
0.8
0.5
0.7
0.6
0.4
0.7
0.6
0.5
0.6
0.7
0.5
0.3
0.3
0.7

Cylinder
Rx (D)
0.7
1.1
2.0
0.6
0.4
0.6
0.2
0.3
0.3
0.0
0.1
0.1
0.1
0.0
0.0
0.2
0.3
0.3
0.5
0.6
0.7
0.7
1.1
1.4
0.6
0.9
1.5

3.2.e Adaptive
Photorefraction Comparison
Traditional Photoscreening Techniques

with

The APR system measures refractive errors by overcoming several
fundamental problems associated with other PS techniques.
Table 3-5
compares the defocus measurement parameters of what the author believes
traditional PS devices use and what the APR system uses. The first design
improvement is that the APR system uses multiple, single point-like light sources
to overcome the defocus detection range limitations that arise with a single light
source design. The individual light sources offer higher detection sensitivity over
their effective defocus detection range versus the extended light source design.
The APR design has four single light source eccentricities to increase the
spherical defocus detection range, and to increase the defocus detection
capacity. The APR system measures the defocus in well-lighted room light
conditions. This reduces unwanted side effects caused by the increased
monochromatic aberrations (symmetric and asymmetric) from a large pupil
diameter. The monochromatic NIR light sources also diminish the chromatic
aberration effects on the defocus measurement, and eliminate pupil diameter
changes during the assessment. The APR measurement is self calibrated
according to the maximum reflex intensity, since no longer do the light sources
need to be placed at a finite distance from the camera entrance pupil boundary.
The distant eccentric light sources allow the multiple-retinal scattering reflection
background intensity to be eliminated from the defocus calculation. The
increased number of angular orientations (12) required for the defocus
measurement enhances cylindrical detection, and diminishes the effects of
asymmetric higher-order aberrations (e.g. coma). The IRID Gaussian fitting
technique eliminates the need to calculate the ambiguous crescent boundary.
The technique also combines the reflex information obtained during all eccentric
radial and angular locations. Thus, any spurious PS data obtained with a single
light source and any effects due to asymmetric aberrations are averaged out by
fitting the results to a 2-Dim distribution function. Finally, the APR system
acquires digital retinal reflex intensity images, and the refractive error analysis is
performed using computer image analysis.
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Table 3-5: Defocus measurement parameters compared between typical PS
devices and the APR system.

Number of
eccentric
positions
Number of
light source
angular
orientations
External
lighting
conditions
Light source
radiation type
Self calibrated
to max reflex
intensity
Eliminate
multiple retinal
reflections
Fixation target
distance
Analysis
technique
Image format
Evaluation
location

MTI
i-Screen
(Photoscreener)
1 single light 1 single
source
light
source
1
1

PowerRefractor

dim light

dim light

dim or room light

room light

Visible

Visible

Infrared

Infrared

No

No

No

Yes

No

No

No

Yes

1m

1m

1m

3m

Crescent

Crescent

Slope

Integrated
reflex
intensity
Digital
On-site
analysis

Film
Digital
External reading External
center
reading
center
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Extended
source
6

APR
system
light 4 single
light
sources
12

Digital
On-site analysis

3.3 Discussion
The hyperopic experimental results consistently had a higher shift away from
the theoretical predictions than the corresponding myopic results. A repeated
measurement of the integrated intensity was found to be within ~97% of the first.
The repeated measurement differences become even less when fitting the
experimental data to a 2-Dim surface (i.e. ~99%). Since the experimental results
were found to be repeatable, these hyperopic errors are systematic not random.
The differences could be caused by the shifts of the LEDs from their expected
positions. Also, the chromatic aberration of the fake eye is unknown. The fake
eye is designed and calibrated for ophthalmic training use in retinoscopy with
visible light. Thus, the infrared measurement result will produce a constant shift
and move the center of symmetry from the -1D neutralization position.
The experimentally calculated pupil diameters given in the 1 st column of
Table 3-3 and Table 3-4 are not exactly 3, 4, or 5mm, because they are
measured from the coaxial pupil mask diameter and using the pixel spatial
resolution. The calculated pupil diameter is both under- and over-estimated by
as much as 0.2mm. An over (under) estimated pupil diameter will then result in a
smaller (larger) measured defocus. Since the camera pixel resolution is
5.7pixels/mm (see APPENDIX C), the pupil diameter error is as much as ~1
pixel. Hence, the pupil diameter error is most likely a limitation of the camera
resolution itself.
Numerous optical design and analysis improvements can be evaluated in
later studies. To calculate the measured defocus sign (+ for hyperopia, and – for
myopia) the reflex crescent position relative the decentered camera-light
direction must be found (see Figure 3-1). As LEDs become smaller, the 2-Dim
IRID can approach the ideal retinal reflex distribution. The closer the LED
represents a point source the more localized the retinal reflex intensity becomes,
and a more accurate representation of the actual retinal reflex intensity results.
The smaller light sources also allow additional light sources to be incorporated
into the design which will give a finer reflex resolution when trying to portray the
actual retinal reflex. This may allow the retinal reflex to be modeled using
interpolation techniques, instead of fitting the measured points to a 2-Dim
distribution function. The ideal point detector size can be better realized with a
higher output radiation from each LED which would allow the camera entrance
pupil diameter to decrease. Finally, a similar procedure as the DHT can
calculate the subject‟s actual HR and kappa angle, which is essential to
determining the subject‟s gazing angle. Then the APR defocus detection can
reliably determine if the gazing angle is too large and can require the
measurement to be repeated for a more accurate defocus measurement.
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4 HIGH-ORDER ABERRATION DETECTION
4.1

Background & Concept
4.1.a HOA measurement Investigations
Modeling Techniques

Using

Eye

Previously in my thesis work, theoretical optical simulations using general
eye modeling techniques were used to investigate the potential of using
photorefraction (PR) to detect keratoconus (KC) which exhibits a range of highorder ocular aberrations (Baker, 2005). First, a general model of a KC eye was
developed. The general KC eye model was constructed using a normal eye
model (Escudero-Sanz & Navarro, 1999), and adding to this a model of the KC
cone on the cornea. The KC cornea model used typical KC corneal topographies
(Schwiegerling, Cone dimensions in keratoconus using Zernike polynomials.,
1997). A best fit sphere was subtracted from the experimentally measured
corneal topography to reveal the corneal extrusion that occurs with KC. The
extrusion was described by an elliptical cone structure that was described by a
five parameter Gaussian model (x0, y0, σx, σy, h0) that measured the cone‟s
location, size, and shape. A range of different cone locations, sizes, and shapes
was then used to construct a general KC cornea model by adding the cone
surface onto the normal eye at various locations on the corneal surface. Next,
this general KC eye model was incorporated into an optical ray-tracing program
(ZEMAX) along with the PR optical parameters to simulate PR image results. To
evaluate the effectiveness of PR as a method of KC detection, the KC image
results were compared with ametropic eye image results with comparable lower
order aberrations. The evaluation of the PR image results illustrated that even
mild degrees of KC could be distinguished from comparable low-order aberration
results and that eccentric photorefraction (EPR) is more sensitive when detecting
KC than coaxial PR alone.
Later, using a similar approach, simulated PR images of individual KC
patients were predicted (Chen, et al., 2006).
For these “customized”
computations, the corneal surface of the schematic eye model (Escudero-Sanz &
Navarro, 1999) was replaced with the subject‟s clinically measured corneal
topography. The remaining individual eye model parameters are then optimized
to approach the clinically measured manifest refraction state (S, C, α). The EPR
device optical parameters are then incorporated into the optical ray-tracing
software to simulate the realistic measurement images of the pupillary reflex.
Figure 4-1 compares two simulated PR pupil images (grayscale images)
obtained from a customized KC (KC 5; left) and a myopic eye (MY 3; right).
Each eye‟s prescription (upper left of each image) is presented in terms of the
sphero-cylindrical refraction prescription (S, C, α) and the root mean square
(RMS) of the high-order aberrations (defined in equation B-11). As expected, the
KC eye has a significantly higher amount of HOAs when compared with the
myopic eye from the non-crescent reflex images. The five simulated PR images
are arranged with the same orientations and relative positions of the
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corresponding light sources used to acquire them. The center PR pupil image
corresponds to a coaxial PR image, while the four remaining PR images were
taken along the camera entrance pupil (indicated with red dotted line). The four
pupil images obtained along the camera detector aperture were found to show
clearly distinct intensity variation in the observed retinal reflex. Figure 4-1 also
illustrates the clinically measured corneal elevation difference map, (i.e. corneal
topography after best fit sphere is subtracted; upper false color image). The final
map is reconstructed over the entire corneal surface by interpolating and
extrapolating the missing data (lower false color image). The reconstructed
corneal surface is used as the eye model‟s anterior cornea surface. The black
dotted line designates the pupillary area used in the simulations. Figure 4-2
compares the corresponding experimental PR results from these two subjects.
For the simulated PR results, the optical parameters, relative light source
locations to the camera entrance pupil, the camera working distance, and the
entrance pupils of the eye and camera, are the same as for the experimental PR
image results. The experimental pupil images are nearly identical to the
simulated data, except that the experimental results have a corneal reflection that
contains no aberration information. These theoretical and experimental images
clearly allow the inference that photorefraction images contain HOA information.
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Figure 4-1: Theoretical EPR pupil images (grayscale) and measured corneal
surface (top false color image) and interpolated corneal surface (bottom false
color image): keratoconus (left) and astigmatic (right) (Chen, et al., 2006). The
reflex intensity patterns are significantly different between the eye with high-order
aberrations (KC) and the eye with primarily only lower order aberrations
(ametropic).

Figure 4-2: Experimental EPR pupil images and an original EPR image showing
the complete image: keratoconus (left) and astigmatic (right) (Chen, et al., 2006).
The experimental results are comparable with the corresponding simulated
results in Figure 4-1.
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A similar study of KC measurement simulation was also conducted using
the retinoscopy technique (Tan, et al., 2007). Retinoscopy and PR share certain
optical similarities, and the work of Tan et al supported the inference of HOA
detection with PR. Others have investigated HOAs using the retinoscopic reflex
by theoretically utilizing several schematic eye models and the retinoscope
optical arrangement (Caballeroa, Furlanb, Ponsb, Saavedrab, & MartínezCorralb, 2006). Geometrical optics was used in this study to explain the
relationship between the ray and wave aberrations with the appearance of the
retinoscopic reflex pattern for different ocular aberrations. The authors used
several schematic eye models to simulate the retinoscopic reflex and showed
that the retinoscopic examination can detect ocular aberrations. The ray
aberration and wavefront aberration
were shown to be related by the
following relationship (Born & Wolf, 2002; Caballeroa, Furlanb, Ponsb,
Saavedrab, & Martínez-Corralb, 2006):
4-1

.

Where
is the ray position on the aperture plane (entrance pupil),
the
working distance, is the distance between the subject‟s eye and the retinoscope.
is the double-pass wavefront aberration on the exit pupil of the eye.
During a scanning along one direction (e.g. x-axis) the moving border of the
camera entrance pupil, with respect to the corresponding light source, can be
thought of as a spatial filter whose transmittance (T) is expressed as:
4-2

The eccentricity (e) is the variable distance from the border of the detector‟s
entrance pupil and the optical axis for the specific light source. Thus, instead of
physically scanning the retinoscope, several individual eccentric light sources
enable the photorefraction images to capture the wavefront aberration
information.
These theoretical investigation studies further justify the
practicability of using the PR retinal reflex to detect and quantify high-order
aberrations.
4.1.b Adaptive
Photorefraction
Aberrometry Comparison

and

Wavefront

The Shack-Hartmann aberrometer (SHA) is a familiar optical instrument
that has been adapted to measure the wavefront aberration of the human eye
(Liang, Grimm, Goelz, & Bille, 1994). As shown in Figure 4-3 (top), the SHA
measures the wavefront emerging from the eye produced by the retinal reflection
of a focused light spot on the retina. This emerging wavefront is sampled by an
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array of lenses (lenslets) with the same focal length to measure the local
slopes of the wavefront. Each lens is focused directly onto a photon sensor
array, such as a charge coupled device (CCD). The aberrated wavefront is
reconstructed by integrating the slope measurements. When an eye is free of
defocus and aberrations, all the exiting light rays are parallel, and the CCD
detector records an array of point images with the same geometry as the
lenslet array. The costs of the lenslet array and laser source make the SHA
an expensive technique that is commonly only performed in specialist clinical
environments. Therefore, the SHA is difficult to apply in a vision screening
environment where cost is one of the primary concerns.
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Figure 4-3: Comparison between the Shack-Hartmann Aberrometer (upper) and
Adaptive Photorefraction (APR) approach (lower).
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Like the SHA aberration measurement, the APR approach illuminates the
retinal surface with a small light source and then captures the returned retinal
reflex image using a digital camera. However, the SHA uses a coherent light
source (laser) and produces a focused beam on the retina. The exiting beam of
light is assumed to originate from this point source on the retinal surface. The
APR approach uses an incoherent narrow-spectrum LED light source, and the
focused beam of light no longer produces a point source on the retina but is
imaged as a disk function whose properties depend on the ocular aberrations
(see previous section 3.2). The back-scattered reflex from the retina carries
useful ocular information. The retinal reflex is captured and focused by the
lens/camera device in both techniques. The major optical differences between
the two are described in three parts:
1. The single laser point source illumination in the SHA is replaced in the
APR by a sequence of low cost incoherent narrow-spectrum LED light
sources. The LED illumination pattern is a flat two-dimensional array of
LED light sources; specifically, thirteen are used in this APR design. The
APR LED pattern produces multiple light source projections on the retina.
Each projected image represents the convolution of the LED source and
the intensity point spread function of the eye. The APR system uses a
diffuse illumination; therefore, the camera not only detects the doublepass retroillumination wave signal but also the directly scattered signal
from optical defects on cornea and lens analogous to the ophthalmic slitlamp and retinoscope examinations.
2. The micro-lenslet array of the SHA is replaced by an inexpensive
commercial lens in the APR system. The retro-illuminated retinal reflex
wave travels back toward the original light source location, and hence, the
returning beam is aligned to the camera axis with the same corresponding
radial eccentricity and angular orientation. Depending on the light source
eccentric radial position and angular orientation, the camera entrance
pupil in the APR system automatically serves as a spatial filter that permits
a certain portion of the ocular information to enter and to be imaged on the
camera image plane and CCD, discussed in section 4.1.a.
In
photorefraction language, the relative position between each LED light
source and the camera entrance pupil determines whether the detection is
coaxial or eccentric (Howland, Braddick, Atkinson, & Howland, 1983;
Bobier & Braddick, 1985). Equations 4-1 and 4-2 imply that if the ocular
aberrations are known, the observed patterns in the camera images can
be predicted for a particular light source position. Therefore, the
integrated multi-frame image obtained from the APR approach includes
the wavefront information.
3. A multi-frame digital camera is used in the APR design to substitute for the
single image acquisition in SHA. In the SHA aberrometer, the dislocation,
or displacement, of focus peak
from each micro-lenslet image is
used to determine the tilting (

) of wavefront orientation.
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The combined lenslet information is then used to reconstruct the whole
wavefront aberration map
across the pupil. The detailed
wavefront information in each micro-lens image and the related intensity
ratio between micro-images are discarded. In contrast, for the APR
system, the retinal reflex induced from each illumination source is
collected and then imaged onto the high-resolution CCD detector. In this
way, the individual reflex image corresponds to an illumination with a
specific eccentric light source location and angular orientation. Each
retinal reflex image represents the conventional PR image that is
described by the crescent or slope based analysis. Conventional EPR
techniques only detect one small portion of wavefront information.
However, the APR integrated map describes the ocular retinal reflex in
several different regions that describes the ocular wavefront aberration.

4.2 Experimental
Aberrations

Approach

–

High-Order

4.2.a Experimental Design
The previous studies discussed in section 4.1.a illustrated that with an
optical beamsplitter, light sources can be placed within and along the camera
entrance pupil to inclusively examine HOAs with the PR technique. Figure 4-4
shows a diagram of the optical design to create and capture the APR images for
HOA detection. The camera‟s entrance pupil aperture is now 18mm in diameter,
instead of 8mm used in the previous defocus measurements. The larger
entrance pupil diameter allows additional LED light sources to be placed
coaxially and along the perimeter. Figure 4-4 (bottom) shows the experimental
HOA detection LED arrangement projected onto the camera entrance pupil (red
circle) detection plane.
The 13 light sources comprise of: 1 coaxial
(eccentricity=0mm; green), 4 inside the detector aperture (e=6mm; yellow), 4
along camera entrance pupil (e=9mm; blue), and 4 outside the camera entrance
pupil (e=12mm; purple). These light source positions create reflex intensity
variations when HOAs are present that allow a highly sensitive examination using
the APR images.

120

Light source
projections;
Camera entrance
pupil projection
(red circle)

Figure 4-4: Experimental optical design of APR (upper left). Multiple
photorefraction images acquired using digital camera (right). Light source array
and camera entrance pupil projected onto the beamsplitter (bottom) that is used
when acquiring the images for high-order aberration detection.
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To increase the HOA detection sensitivity, the field of view (FOV) of the
experimental APR system is decreased to cover the area corresponding to only
one eye. The smaller FOV with the same image pixels ensures that the camera
spatial resolution (pixels/mm) increases. The minimum FOV is limited to ensure
that the pupil is always within the image. The pupil is always less than 1cm in
diameter, and the FOV is chosen to be approximately 2cm. Finally, the FOV is
decreased by reducing the working distance to 1/3 m and adjusting the camera
focal length.
The eye‟s pupil size is increased by acquiring data in a dark room. A
larger pupil size is beneficial for two reasons: 1) it increases the ocular aberration
magnitude (see section 3.1.b), and 2) it allows for a larger pupillary area of
investigation using the camera detector. The most important factor affecting
natural pupil size is the level of external illumination. The pupil diameter can vary
from about 2mm at high levels of illumination to 8mm in darkness (Atchison &
Smith, 2000). This corresponds to 16 times more pupil area that can be
examined under darkness. Therefore, the external lighting is turned off when
performing measurement with the monocular APR system to obtain naturally
dilated pupils.
The smaller camera FOV and larger pupil diameter reduce eye movement
errors by increasing the amount of illuminating energy per unit area per unit of
time (i.e. flux density or irradiance). Reducing eye movements is important
because different ocular orientations cause the aberrations to appear differently
between each of the APR images (see section 3.1.b). The less time that the
APR measurement takes will reduce the burden on the subject and reduce eye
movement differences from subsequent images. The camera‟s entrance pupil
and FOV affect the amount of irradiance collected. The amount of energy
gathered by the camera lens is directly proportional to the area of the entrance
pupil (Hecht, 2002). Assuming a circular entrance pupil, the area is proportional
to the square of its diameter ( ). Thus, the APR system used to detect HOAs
(18mm diameter) increases the amount of energy collected by over five times
(182/82 = 5.1) over the previous APR system that is used to detect defocus (8mm
diameter). Also, the irradiance is inversely proportional to the image area. Thus,
the APR system‟s smaller FOV increases the irradiance. The image area varies
as the square of its lateral dimension, which is proportional to the square of the
effective focal length ( ). Thus the flux density at the image plane varies
as
. The ratio of
is known as the relative aperture, and its inverse as
the F-number (
). The exposure time is proportional to the square of
the F-number, and the F-number is often referred to as the speed of the lens
(e.g. smaller F-number is faster than a larger one). The smaller F-number used
in the HOA detection enables the reduction of the camera exposure time, and
this is helpful to acquire an image of the reflex that is both not saturated and yet
bright enough to see intensity variations).
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4.2.b Zernike Polynomial Analysis
The acquired experimental APR images are then decomposed into Zernike
polynomials so that the reflex intensity variations can be analyzed using the
corresponding Zernike coefficients. APPENDIX B contains a detailed discussion
on Zernike polynomials. The Zernike analysis was collectively performed by the
vision science research team at CLA. The Zernike coefficient decomposition is
performed using least-squares techniques applied to the experimentally
measured APR pupil images (Wang & Silv, 1980). Figure 4-5 shows the
procedure to prepare each APR pupil image so that the appropriate Zernike
decomposition can be performed. The Zernike polynomials are only defined
inside an unit circle; therefore, each pupil image is identified from the raw PR
image and then cropped such that it corresponds to the best fitted circle (top left).
The corneal reflection region does not correspond to the true retinal reflex
intensity. Therefore, it is identified, and interpolation is performed to replace
these pixel values (top right). The pupillary reflex intensity is then rescaled into a
smaller number of intensity levels to eliminate low and/or high-frequency noises
(bottom left). The decomposed Zernike coefficients obtained from each image
can only be compared with the other coefficients if they have the same PR
angular orientation. Thus, each pupil image is rotated according to the specific
light source-camera angular orientation such that all images have the same
illuminating orientation (bottom right). Finally, the pixel (x,y) coordinates are
normalized according to the calculated pupil radius (in pixels).

123

Figure 4-5 APR retinal reflex pupil image preparation before image
decomposition into Zernike polynomials. Original PR image cropped according
to best fit circle (top left image). Unnecessary corneal reflection is eliminated, and
the missing region intensity is interpolated (top right image). Rescaling pixel
intensity so that the image can be decomposed into Zernike polynomials (bottom
left image). Finally, the pupil image is rotated so that each reflex image has the
same orientation (bottom right image).

The fitted Zernike coefficients are used to develop metrics that describe
the various degrees of HOAs in APR. APPENDIX F shows images of the
decomposed Zernike polynomials obtained from the final image in Figure 4-5.
One way to analyze the APR image data is to determine the relative magnitude
of each Zernike mode ( ) compared with the complete Zernike expansion. For
example, if the percentage magnitude is 100% then only this mode describes the
APR images. The relative magnitude of each Zernike mode ( ) is calculated as
the ratio of the sum of the squares for each azimuthal frequency (
) term and
the sum of the squares of all the coefficients (
):
4-3

.

The “piston” term ( ) is ignored since this is just the average intensity value.
The Zernike mode magnitude describing the particular eye is aggregated by
averaging all results from the 13 images. As discussed previously, eyes with
primarily only defocus (myopia, hyperopia, and astigmatism) have a crescentshaped reflex intensity pattern. This gives large tilt coefficients when the image
is expanded into Zernike polynomials (Figure F-2 center row leftmost image).
Since all of the APR images have the same orientation, the spherical defocus
(myopia, hyperopia) will have a relatively large amount of vertical tilt, while
cylindrical defocus (astigmatism) has horizontal tilt contribution. The vertical and
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horizontal “tilt” relative magnitudes (+1 for vertical; -1 for horizontal) are defined
as:
4-4

.
Thus, the two individual “tilt” relative magnitude terms (
to distinguish defocus from vision problems with HOAs.

) are also calculated

4.2.c Experimental Results
APR experimental image data were acquired from human subjects in a
clinical environment with different types and amounts of high-order aberrations to
determine the capability to differentiate HOAs. A prototype APR device is
constructed based on the experimental system (upper left of Figure 4-4), since
the lab system cannot be transported into a clinical environment. Figure 4-6
shows an image of the prototype device used to collect the APR image data. The
vision science team in CLA had established collaboration with the Wang Vision
Institute (WVI) in Nashville, and this arrangement enabled acquisition of the
human subject APR data at WVI.
The APR system‟s eye safety was
independently evaluated and approved by an Institutional Review Board
(University of Tennessee IRB # 7024 B). The subject data collected corresponds
to various types and levels of HOAs along with subjects with only lower-order
aberrations (LOAs). The WVI performed a comprehensive eye examination
including corneal and wavefront evaluation and detailed diagnostics on each
subject. Figure 4-7 shows experimental APR images taken from five different
subjects that have ocular diseases that create HOAs and scattering, illustrating
some of the possible reflex intensity variations.

Figure 4-6: Monocular adaptive photorefraction clinical prototype device used to
acquire images from subjects with various types and levels of high-order
aberrations.
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Figure 4-7: APR images illustrating the reflex intensity variations caused by highorder aberrations and scattering. Subject with a mild cortex cataract (upper left),
a keratoconus eye with endothelium scars from healed hydrop (upper center),
blepharitis tear film deficiency (upper right), a cornea metal stain 40 days after
removal of debris (lower left), and Fuch’s endothelium dystrophy (lower right).

The 13 APR images are arranged and rescaled such that the intensity
variations caused by the HOAs are easily identified on-screen. Figure 4-8 and
Figure 4-9 show original images (left), intensity-rescaled images (middle), and
false colored intensity images (right) for a subject with only defocus and a
keratoconus (KC) subject with HOAs respectively. The myopic subject (Figure
4-8) has the characteristic crescent reflex intensity discussed in the previous
chapter. However, the KC subject (Figure 4-9) has an uneven reflex intensity in
the center of the pupil image, due to the abnormal refraction caused from the
conical cone structure. Figure 4-4 (bottom) gives the relative light source
positions that are used to present the 13 pupil images into a single image. Every
pupil image is rescaled by stretching the pixel intensity values for presentation
purpose. The pupil image is transformed such that the minimum pixel is the
lowest 8-bit pixel value (0) and the maximum pupil pixel value is the highest
(255). The pixel intensity values that lie in between are linearly interpolated
between 0-255.
The 13 images are also transformed into color maps
corresponding to distinct intensity levels to eliminate high-spatial-frequency noise
and to help elucidate vision problems with HOAs, such as tear film breakup and
those illustrated in Figure 4-7.
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Figure 4-8: Subject with no high-order aberrations (myopic). APR images
arranged according to light source positions (left image). Each pupil intensity
image rescaled according to pupil max and min pixel value (middle image) to
bring out any reflex intensity variations caused by HOAs. False color intensity
image (right image) used to visualize the HOAs.

Figure 4-9: Subject with high-order aberrations (keratoconus subject). APR
images arranged according to light source positions (left image). Each pupil
intensity image rescaled according to pupil max and min pixel value (middle
image) to bring out any reflex intensity variations caused by HOAs. False color
intensity image (right image) used to visualize the HOAs.
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To demonstrate the HOA detection using the APR approach, a group of
20 eyes with different degrees of HOAs and a control group of 39 ametropic eyes
are organized for comparison. A clinical diagnosis performed by the WVI is used
to classify the collected subject data into five distinct different groups.
Keratoconus (KC) make up the majority of HOA subject data. The best corrected
visual acuity (BCVA) relates to the amount of HOAs, since the lower the BCVA
the better a sphero-cylindrical lens (eyeglasses) can correct the vision. The first
“A” group contains 12 eyes that represent the most prevalent type of KC that
includes both mild and moderate degrees. The second “B” group contains 4
eyes, that represent the most advanced degrees of KC (i.e. BCVA is worse than
20/70). The third “C” group contains 2 eyes that represent subjects with very
mild KC (i.e. 20/20 BCVA). The fourth “D” group contains a KC eye with a
swollen cornea after intac surgery and an eye after cornea implant. The final fifth
“N” group contains 39 ametropic eyes (i.e. 20/20 or better BCVA), with various
amounts of lower order aberrations.
The 5 groups of subject data are analyzed using the Zernike expansion
techniques described in section 4.2.b. Table 4-1 shows the average and
standard deviation of the relative magnitude percentages obtained from each
specific group. The results show that the five different groups (A, B, C, D, and N)
all have different amounts of “tilt” and higher-order mode (
)
magnitudes. The defocus eyes (N) have a large vertical “tilt” magnitude (
),
which indicates normal spherical refraction as manifested by the 2 nd order
wavefront aberration,
. The sign of the vertical “tilt” distinguishes the myopia
and hyperopia results. Astigmatism is described in the
term. The HOA
groups have a much smaller vertical “tilt” (
) contribution, except for the very
mild KC group (C). However, keratoconus is best indicated by the third-order
aberration (coma) (Barbero, Marcos, Merayo-Lloves, & Moreno-Barriuso, 2002),
which is described with the
relative magnitude term.
The ratio of the vertical “tilt” magnitude (the normal portion) to the other
higher order mode magnitudes is a way to quantitatively distinguish the severity
of HOAs. Figure 4-10 shows the scatter plot of the vertical “tilt” coefficient (
)
nd
versus the 2 order (
) Zernike mode relative magnitude. When the
magnitude is close to 1 or -1, the photorefraction intensity images are primarily
described by the normal second order aberration hyperopic and myopic defocus,
respectively. Figure 4-11, Figure 4-12, Figure 4-13, and Figure 4-14 give the
scatter plots of the vertical “tilt” vs. the 3rd, 4th, 5th, and 6th order Zernike mode
relative magnitude, which correspond to wavefront aberrations of 4 th, 5th, 6th, and
7th-order respectively. All the figures illustrate that the high-order aberration
vision problems (A, B, and D groups) are separated from the low-order
aberrations (N group), except the very mild KC subjects (C group). The group (D)
has larger magnitudes of the 5th and 6th order. This could be due to the abnormal
corneal structure created from the surgery incision. These results demonstrate
that the APR system is capable of differentiating different amounts and types of
HOAs.
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Table 4-1: Fitted Zernike magnitude percentages (mean ± 1 standard deviation)
relative to the entire Zernike expansion. Photorefraction image results are
acquired from subjects from a range of high-order aberrations (A, B, C, D) and
compared with subjects having primarily lower-order aberrations (N).
(%)

(%)

(%)

(%)

(%)

(%)

(%)

A
31±18
(n=12
)

11±6

42±16

7±3

6±4

2±1

2±1

B
(n=4)

44±20

8±1

20±10

17±8

4±2

5±3

2±1

C
(n=2)

79±9

3±2

12±9

4±1

1±0

1±0

1±0

D
(n=2)

34±13

18±0

9±5

17±2

10±10

6±3

6±1

5±6

8±6

4±1

1±1

0±0

1±0

N
82±13
(n=39
)
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Figure 4-10: Zernike 2nd order contribution (
) vs. the vertical “tilt” (
).
Illustrating that photorefraction images obtained from high-order aberration
subjects (A, B, C, D) have a larger amount of 2nd order contribution compared
with defocus subjects (N).
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Figure 4-11: Zernike 3rd order contribution (
) vs. the vertical “tilt” (
).
Illustrating that photorefraction images obtained from high-order aberration
subjects (A, B, C, D) have a larger amount of 3rd order contribution compared
with defocus subjects (N).
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Figure 4-12: Zernike 4th order contribution (
) vs. the vertical “tilt” (
).
Illustrating that photorefraction images obtained from high-order aberration
subjects (A, B, C, D) have a larger amount of 4th order contribution compared
with defocus subjects (N).
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Figure 4-13: Zernike 5th order contribution (
) vs. the vertical “tilt” (
).
Illustrating that photorefraction images obtained from high-order aberration
subjects (A, B, C, D) have a larger amount of 5th order contribution compared
with defocus subjects (N).
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Figure 4-14: Zernike 6th order contribution (
) vs. the vertical “tilt” (
).
Illustrating that photorefraction images obtained from high-order aberration
subjects (A, B, C, D) have a larger amount of 6th order contribution compared
with defocus subjects (N). Subjects after corneal surgery (D) have the largest 6 th
order magnitude contribution in the Zernike expansion.
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4.3

Discussion

From the clinical trial result, normal and KC subjects who had 20/20 BCVA
vision were shown to have a significant proportion of their APR intensity images
described with the vertical tilt Zernike term; the results were 82%±13% and
79%±9%, respectively. However, moderate keratoconus eyes have the most
significant third order wavefront aberration, which is indicated by the 2 nd order
contribution (
) in the APR measurement. Severe keratoconus eyes in group
B, however, do not have a continuously increased magnitude in this order of
aberration as the disease progresses. Instead, the aberration contribution shifts
to higher orders. Subjects after corneal surgery don‟t have the same trend as KC
eyes. The aberration distribution is pushed even further toward higher orders.
The 2 cases of very mild keratoconus that have 20/20 BCVA vision don‟t present
clear disease indication in this preliminary study. At this point, they present the
false negative cases and require further improvement upon the technique.
This preliminary HOA evaluation revealed the feasibility to apply the APR
to detect several important vision problems including keratoconus, tear film
problems, cataract, and others. Supplementary studies can also give additional
insight into HOA quantification using the APR system. As LED light sources
become smaller, the retinal reflex detection can be evaluated to a higher
resolution. As the calculated retinal reflex distribution approaches the actual
reflex, it may be possible to examine HOA changes within the whole reflex
distribution. Then a more direct comparison between the retinal reflex and
wavefront can be evaluated. Reflex intensity variations can more accurately be
measured by using a camera with a greater pixel spatial and pixel depth
resolution.
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5 CONCLUSIONS
Several pediatric vision screening studies discussed in section 1.1.b
suggest that a new objective technique is required to accurately detect
strabismus and refractive errors. Also as discussed in section 1.2 early detection
of vision problems with high-order aberrations is necessary to utilize the best
treatment options and to avoid unwanted surgical outcomes. Photoscreening is
a useful vision screening technique that can address each of these concerns.
However, in several pediatric vision screening studies photoscreening was
shown to be inferior to other techniques. Furthermore, the effectiveness of
photoscreening as a means to detect high-order aberrations had yet to be
proven.
This dissertation has presented results that utilize several
photoscreening design and analysis improvements that clearly show that
deficiencies in traditional pediatric vision photoscreening methods can be
overcome and that detection of high-order aberrations with photoscreening is
possible.
Strabismus detection from binocular photoscreening images was
evaluated using a novel Dynamic Hirschberg Test (DHT). During the DHT the
subject begins by following a fixation target trajectory under binocular viewing. At
a selected point in the trajectory the fixation target is occluded for each eye, and
the subject follows the target under monocular viewing. At predefined locations
along the target trajectory binocular photoscreening (PS) images are acquired
and used to locate the pupil and corneal reflection. A binocular eye movement
path is calculated from the fixation target‟s angular position as a function of the
corneal reflection position from these binocular PS images. When a strabismic
eye views the fixation target under monocular viewing, the eye movement path
will deviate from this expected binocular eye movement path. The DHT was
experimentally verified with a non-strabismus subject. The uncertainty of
experimental results was found to be in the range of 0.3-1.7 Δ. This indicates
that a strabismic deviation angle of 1⁰ or 1.75 Δ can be measured with this
experimental design.
A novel binocular adaptive photorefraction (APR) approach was
developed to characterize the retinal reflex as a function of the eye‟s refraction
state. The APR approach estimates the retinal reflex by integrating portions of
the retinal reflex intensity from coaxial and eccentric photorefraction images. A
two dimensional (2-Dim) array of individual light sources and a camera with a
small aperture are used to create and collect the reflex intensity. Afterwards, a 2Dim integrated reflex intensity distribution (IRID) was created from the individual
APR images. The accuracy to estimate the retinal reflex from the IRID was
found to be inversely proportional to the size of the camera entrance pupil and
the light source. Instead of experimentally testing the APR approach on
numerous human subjects, optical simulations were performed to evaluate the
maximum defocus detection variance caused by human factors such as pupil
diameter, high-order aberrations, Stiles-Crawford Effect, and gazing angle. The
width (FWHM) of the IRID was found to be linearly related to the pupil diameter
and defocus. This linear relationship was no longer true as the defocus reduces
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and as the reflex size becomes close to the size of detector. Extreme amounts
of high-order aberrations produced a maximum detection error that was
approximately 0.5D for a +6D hyperopic eye. However, when the StilesCrawford Effect was taken into account the detection error becomes less
significant. An upper acceptable limit on the ocular gazing angle was found to be
~15 Δ. To ensure that an accurate defocus measurement is still achievable, the
gazing angle must be less than 15 Δ. The theoretical reflex 1-Dim distributions
were then characterized using several descriptive parameters such as the reflex
width and the integrated intensity ratio between coaxial and eccentric image and
were found to yield a measure of the defocus. An experimental APR apparatus
with a 2-dimensional (2-Dim) array of individual light sources was then
constructed to obtain a complete defocus state as expressed by the spherical
and cylindrical powers. Adaptive instrument control was used to acquire the
optimum reflex intensity distribution. New analysis techniques were developed to
characterize the 2-Dim reflex distribution using the descriptive parameter‟s reflex
width away from neutralization (i.e. >1D) and the integrated intensity ratio
between coaxial and eccentric image near neutralization (i.e. ≤1D). Experimental
results were calculated using an artificial eye with several pupil diameters and
refractive errors. The comparison of experimental results with the theoretical
results revealed similar distributions. The experimental results show that away
from neutralization the width parameter becomes linear with the defocus. The
difference between the actual refractive error and experimental prediction away
from neutralization was found to be less than ~0.7 D regardless of the pupil
diameter. The difference between the actual refractive error and experimental
prediction near neutralization was also found to be less than ~1 D regardless of
the pupil diameter. The difference between the two perpendiclar meridians also
introduces error into the measurement, since only spherical refractive is present
during this investigation. The cylindrical measurement error was found to be less
than 0.6 D regardless of pupil diameter and the method used to determine the
refractive error. Therefore, the theoretical and experimental results suggest that
the proposed APR approach can determine a wide range of refractive errors.
A new monocular adaptive photorefraction (APR) concept was presented
that has the potential to detect vision problems that exhibit high-order ocular
aberrations Theoretical photorefraction studies demonstrated the ability to
distinguish high-order aberrations (HOAs) from eyes with normal defocus. An
experimental device was constructed based on these theoretical studies to
further justify the ability to detect HOAs using photorefraction images. The
device consists of a two-dimensional array of individual light sources whose
output is projected within and eccentric to the camera entrance pupil. Adaptive
instrument control was performed to ensure that each pupil image has a similar
average intensity so that complex reflex intensity variations associated with
HOAs could be more easily identified. The reflex intensity variation patterns of
each APR image were described by an expansion of Zernike polynomials. The
complex reflex intensity patterns were associated with different orders of Zernike
polynomials. The APR image results from ametropic subjects without HOAs had
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an average value of 82% of their reflex described with the vertical tilt Zernike
term. Conversely, mild and moderate KC subjects had an average vertical tilt
contribution of 31%, advanced KC subjects had 44%, very mild KC subjects had
79%, and subjects after corneal surgery had 34%. Subjects with HOAs tended to
have a higher percentage of their APR reflex images described with higher order
Zernike terms. However, two of the subjects with HOAs produced by very mild
keratoconus could not be distinguished from subjects without HOAs. Therefore,
it is possible to detect vision problems with HOAs with the APR approach and
subsequent Zernike image analysis.
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APPENDIX A NOMENCLATURE AND ABBREVIATIONS
The following appendix describes the nomenclature and abbreviations
used throughout the dissertation.
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NOMENCLATURE
Aberration
Exact optical ray trace departure from the idealized
conditions of Gaussian Optics (i.e. first-order paraxial
theory).
Aberrometry
An ophthalmic instrument that measures ocular aberrations
from the integrated backscattered light that is diffracted
through all the ocular elements/surfaces.
Accommodation
Ability of the ocular lens to change shape when focusing on
near objects.
Adaptive
Photorefraction technique that adapts the testing conditions
Photorefraction
according to the subject‟s specific ocular characteristics
(APR)
and uses a 2-Dim array of individual light sources to
measure defocus and high-order aberrations (see section
3.2 and 4.2).
Amblyopia
(lazy Disability that is developed when pediatric vision problems
eye)
are left undetected and untreated and therefore, prevents
proper development of the brain‟s binocular functions.
Ametropic Eye
Eye that is unable to focus distant subjects on the retina
while in a relaxed condition (e.g. suffers from hyperopia,
myopia, astigmatism). Focal point does not lie on retinal
surface.
Anisometropia
Condition in which the two unaccommodated (relaxed) eyes
have unequal optical powers.
Ammetropia
When the light entering the eye is not properly focused onto
the retina. If the eye has any kind of refractive error (e.g.
myopia, hyperopia).
Astigmatism
Eye with a refractive error that is not rotationally symmetric
along the visual axis throughout the eye, causing the sheet
light in different meridians to focus at different axial
locations.
Autorefractor
A technique used to objectively measure refractive errors
with a computer-controlled machine.
Binocular
Pertaining to both eyes; viewing a fixation target with both
eyes.
Cataract
Optical opacity that develops in the ocular lens.
Chromatic
Optical aberrations caused since each ocular element‟s
Aberrations
refractive index depends on the wavelength (optical
dispersion).
Collagen
Fibrous protein that makes up connective tissue.
Coaxial
Light Light source that is aligned directly on optical axis of
Source
system (including detector and eye).
Coma
One of the primary aberrations describing the asymmetric
off-axis aberration magnification variation over the entrance
pupil; given by the
Zernike polynomial coefficients.
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Corneal Collagen
Crosslinking (C3R)
Corneal Ectasia

Crescent Analysis

Cycloplegia
Cylindrical Power
Cylindrical Axis
Dead Zone
Defocus

Diopter
Dry Eye

Dystrophy
Eccentric Light
Source
Eccentric
Photorefraction

Eccentricity

Emmetropic
(Normal) Eye
Entrance Pupil

Esotropia

Strengthens the corneal integrity by increasing the collagen
crosslinking (natural “anchors” within the cornea) together
using Riboflavin.
Complication resulting from LASIK or other cornea surgery
where the intraocular pressure against a weakened cornea
by excessive thinning leads to an outward bulge.
Technique used to relate the retinal reflex crescent size in
terms of the defocus with a single light source (see section
3.1.a).
Paralysis of the ciliary muscle by drug resulting in
accommodation loss and causes pupil dilation.
Additional optical power correction along a particular
meridian (cylindrical axis in the prescription).
Axis describing the ocular meridian orientation of the
cylindrical power error.
Defines the refractive error range in which a crescent
cannot be observed in a retinal reflex image.
The relative refraction, in diopters, with respect to the
camera working distance. Translations along the optical
axis away from the plane or surface of best focus; given
typically by the
Zernike polynomial coefficient.
Unit of measurement for the optical power, which is equal
to the reciprocal of the focal length measured in meters.
Condition in which the eye does not sustain a moist “tear
film” to wash and soothe the eye for a sufficient duration of
time after blinking.
Condition of abnormal development.
Light source placed away from the optical axis (including
detector and eye).
Photoscreening technique used when measuring defocus;
uses an individual light source that is decentered relative to
optical axis of system used to acquire the corresponding
retinal reflex intensity pattern.
Distance between entrance pupil boundary and light source
boundary (p. 47). Distance between the center of the
entrance pupil and the center of light source (p. 59).
Eye that is capable of focusing distant subjects on the
retina while in a relaxed condition. Focal point lies on
retinal surface.
Image of the optical stop formed by the optical elements
preceding the stop; image of the aperture stop formed in
object space.
Strabismus in which one or both eyes turn inward toward
the nose.
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Exotropia

Strabismus in which one or both eyes turn outward away
from the nose.
False-Negative
Test result that indicates that a person does not have a
condition when in fact he or she does.
False-Positive
Test result that indicates that a person has a condition
when in fact he or she does not.
Fovea
Central area of retina responsible for fine vision; also
optical focal position aligned to where the eye gazes.
Fundus
Bottom of the eye corresponding to the retina, choroid, and
sclera ocular layers.
Gain
Camera setting that amplifies light signal.
Gazing Angle
Ocular angular fixation measured in degrees or prism
diopters
High-Order
Describe the ocular optical performance beyond defocus (p.
Aberration
160); or
when using Zernike polynomials (p. 168).
Hirschberg Eye
Quantifies the amount of ocular rotation by indentifying the
Position Test
corneal reflection position related to an ocular landmark
position (e.g. pupil, limbus, and iris).
Hirschberg Ratio
Describes the linear ratio of corneal reflection‟s shift to the
degree of angular rotation of gaze.
Hot Mirror
Optical mirror that reflects infrared and transmits visible
radiation.
Hyperopia
Spherical refractive error in which the light rays entering the
(farsightedness)
eye are focused behind the retina (p. 1 and Figure 1-1).
Intacs
One type of corneal inserts or implants to reshape an
irregular corneal surface.
Integrated Intensity Total reflex flux that leaves the exit pupil for a particular
light source position (p. 217).
Integrated Intensity Integrated intensity ratio of the coaxial to the 5mm light
Ratio
sources (p. 86).
Integrated Reflex
Distribution of integrated reflex intensity values at the
Intensity
different light source positions (p. 60, p. 217, and section
Distribution
3.2.
Kappa Angle
Angle between the visual axis and the pupillary axis;
describes fovea location (see Figure B-1).
Keratoconus
Ocular disease in which a progressive corneal thinning
occurs that eventually causes an outward bulging of the
cornea.
Keratoscope
Ophthalmic instrument for assessing the local curvature
(Placido Disk)
and corresponding power of the anterior surface of the
cornea.
Monochromatic
Aberrations when a monochromatic light source (single
Aberrations
wavelength) is used.
Monocular
One eye only; viewing a fixation target with a single eye
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Mydriatic
Myopia
(nearsightedness)

Drug causing pupil dilation.
Spherical refractive error of an un-accommodative eye in
which light is focused in front of the retinal surface (p. 1 and
Figure 1-1).
Neutralization
Term of photorefraction (PR) and retinoscopy; condition
that cancels or balances out the inherited refractive error in
any photorefraction system due to the finite working
distance; resulting in a “dark” pupil in the eccentric PR
detection since none of the retinal reflex signal enters the
camera and all bright pupil in retinoscopy.
Objective Test
Test that doesn‟t require cooperation from the subject. The
clinician or an instrument makes a judgment to identify the
disease.
Ophthalmoscope
Medical instrument for examining the interior of the eye.
Plane Polar
A 2-Dim coordinate system in which a point on a plane is
Coordinate System determined by the angle (θ) and the radial distance (r).
Positive Predictive % accuracy when given a positive testing result (from the
Value
patient point of view). Proportion of subjects with a positive
test result who have the disease.
Prism Diopter
Unit of deviation angle in optometry; defined as ratio of the
lateral fixation displacement (cm) to the perpendicular
fixation separation distance (m).
Pupil
Opening in the center of the iris in which light passes.
Reflex
Retinal reflection (commonly called red reflex or red eye)
Refractive Error
Condition in which light entering the eye or optical system is
not focused properly onto the retina.
Refractive Power
Ability/degree of the eye or optical system to focus
(converge) light as it passes through it; described by the
coefficients when using Zernike polynomials.
Retinoscope
A hand held objective ophthalmic device for measuring an
eye‟s defocus.
Retroillumination
Objective ophthalmic technique commonly used to observe
intraocular opacities or the leakage of iris from the
backward illumination.
Saccade
Small rapid jerky movements of the eye as the eye
movements jump from different fixation points.
Scale (Width)
Describes the IRID width after fitting the data to an
Parameter
appropriate distribution function (p. 77).
Sensitivity
Statistical measure of how well a binary classification test
correctly identifies the positive cases. The sensitivity of the
test to the disease is the percentage probability that the test
indicates positive if the person has the disease.
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Slit Lamp

Slope Analysis
Technique
Smooth Pursuit
Specificity

Spherical
Aberration
Spherical
Equivalent Power
Sphero-cylindrical
Power
Stiles-Crawford
Effect

Strabismic eye
Subjective Test

Telemedicine
Visual Acuity

Wavefront
Wavefront
Aberration
Width (Scale)
Parameter
Working Distance

An ophthalmic instrument where a slit-beam of light and a
horizontally mounted microscope are used to provide
detailed examination inside the eye.
Technique used to relate the retinal reflex intensity slope in
terms of the defocus with an extended light source (see
section 3.1.a).
Ability of the eyes to smoothly follow a moving objects (no
saccadic eye movements).
Statistical measure of how well a binary classification test
correctly identifies the negative cases. The specificity of
the test to the disease is the percentage probability that the
test indicates negative if the person does not have the
disease.
Symmetric aberration that focuses rays more tightly if they
enter the entrance pupil periphery or vice versa; given by
the
Zernike polynomial coefficient.
Lens power that would give the best vision if only the
spherical correction could be used.
Best spherical and cylindrical lens power combination that
can correct the ocular vision
Directional effect of retinal photoreceptors acting as an
optical waveguide, where absorption & reflectance is
greatest for rays aligned to the center of pupil and drops off
towards the fringes.
The crossed eye in a strabismus subject that is not properly
aligned with the other normal eye.
Test that equires medical professionals or trained
personnel to perform with the cooperation of the subject.
The subject is required to make a judgment to identify the
disease.
Delivery of healthcare or medical education from a distance
using electronic information and technology.
Ability to make fine visual discriminations between and
among objects of different sizes. It is presented as 20/20,
20/30, etc. in the USA.
A surface of constant optical path difference. It is
everywhere perpendicular to the light rays.
Deviation in optical path length between the actual and an
ideal wavefront, often specified by the maximum values
given in microns, nanometers, or wavelengths.
Describes the IRID width after fitting the data to an
appropriate distribution function (p. 77).
Distance from the entrance pupil plane of the detector to
the entrance pupil plane of the sample (eye).
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Zernike
Polynomials
ABBREVIATIONS
1-Dim
2-Dim
∆
α
σ
θ
AAP
AAPOS
AOA
API
APR
BCVA
BRRP
BS
CCD
CLA
CLEK
C
cm
D
DHT
EPR
FOV
FWHM
HOA
HR
HWHM
IR
IRID
KC
LASIK
LED
m
mm
ms
NEI
NIR

Sequence of polynomials that are orthogonal on the unit
disk commonly used to describe aberrations.
One dimensional
Two dimensional
Prism diopter
Defocus; refractive error with respect to the camera working
distance (p. 47)
Cylindrical correction axis (p. 84)
Standard deviation; Scale width parameter
Polar angle in the plane polar coordinate system
American Academy of Pediatrics
American Association for Pediatric Ophthalmology and
Strabismus
American Optometric Association
Average Pixel Intensity (p. 238)
Adaptive Photorefraction
Best Corrected Visual Acuity
Brightest Retinal Reflex Pixel (p. 213)
Beam splitter
Charge Coupled Device
Center for Laser Applications
A NIH supported program: Collaborative Longitudinal
Evaluation of Keratoconus
Cylindrical Power (p. 84)
Centimeter
Diopter
Dynamic Hirschberg Test (see section 2.2)
Eccentric Photorefraction
Field of view
Full Width at Half Maximum
High-Order Aberration
Hirschberg Ratio
Half Width at Half Maximum
Infrared
Integrated Reflex Intensity Distribution
Keratoconus
Laser-Assisted in Situ Keratomiliusis
Light Emitting Diode
Meter
Millimeter
Millisecond
National Eye Institute
Near infrared (750-1400nm in wavelength)
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OPI
PMD
PRK
PSF
r
RMS
RMSE
S
S1 and S2
SA
SCE
SCP
SEP
SHA
VA
VIP
WVI

Optimal Pixel Intensity (p. 213)
Pellucid Marginal Degeneration
Photorefractive Keratecomy
Point Spread Function
Light source center distance from the detector center (p.
77).
Root Mean Square
Root Mean Square Error
Spherical power (p. 84)
Two perpendicular powers along the 2 principal meridians
(p. 84)
Spherical Aberration
Stiles-Crawford Effect
Sphero-cylindrical power (p. 84)
Spherical Equivalent Power (p. 84)
Shack-Hartmann Aberrometer
Visual Acuity
NIH supported program: Vision in Preschoolers study
Wang Vision Institute
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APPENDIX B OCULAR OPTICS REVIEW
The human eye is a remarkable organ which gives us the sense of sight,
allowing us to learn about our surroundings. The eye consists of several layers
that perform several different functions. Figure B-1 illustrates a cross section of a
right eye as seen from above (Atchison & Smith, 2000). The outer eye layer
consists of the cornea and sclera. The cornea is transparent and approximately
spherical providing approximately 2/3 of the total ocular optical power. The
sclera is a dense, white, opaque, fibrous tissue that protects the inner layers.
The middle layer of the eye consists of the iris, choroid and the ciliary body. The
iris, colored disk inside the eye, allows the size of the aperture (pupil) to change.
The choroid is composed of layer of blood vessels that nourish the back of the
eye. The ciliary body is necessary to perform accommodation (i.e. ability to
change focus from distant to closer objects) by reshaping the lens. The inner
layer of the eye is the retina, light sensitive tissue, and is connected to the brain
via the optic nerve. Most of the retina primarily consists of rods which are
responsible for night and peripheral vision, since they are highly sensitive in lowlevel lighting conditions. Only the small fovea area is responsible for the sharp
central vision, because the high proportion of cones which obtain the best
resolution at high light levels.
The inside of the eye consists of three different components that serve
different tasks to control the internal pressure of the eye (Atchison & Smith,
2000). The intraocular pressure of the eye must be higher than the atmosphere
to maintain the shape of the cornea, and to preserve the transparency of the
ocular media. The anterior chamber, between the cornea and iris, contains the
aqueous fluid. A constant balance of production and drainage of the aqueous
fluid maintains the internal pressure of the eye. The posterior chamber, between
the iris and the lens, also contains the aqueous fluid. The vitreous chamber,
between the lens and retina, contains a transparent colorless gelatinous mass
(vitreous humour) which keeps the retina in place. The eye rotates around its
nominal center of rotation in its socket by six extra-ocular muscles.
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Figure B-1: Structure of the human eye of a relaxed (un-accommodated) right
eye seen from above. The cardinal point positions define the focal points (F and
F’), the principal points (P and P’), and the nodal points (N and N’). Optical axis
defines the best fit line through the centers of curvatures from the cornea,
aqueous humour, lens, and vitreous humour. Visual axis defines the line joining
the fixation object and the fovea and passes through the nodal points. (Atchison
& Smith, 2000)
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Image Formation
The formation of an image by the eye is the same as man-made optical
systems, such as a camera lens. Light entering the eye is refracted by the
cornea and lens and focused onto the retina. Whereas the cornea optical power
is constant, the power of the lens can change to focus at different distances
(accommodation). The iris forms the aperture stop of the eye (pupil). In general
the aperture stop is not referred to as the pupil. The word pupil is reserved for
the images of the aperture stop. The image of the stop formed by the optical
elements in front of the stop is called the entrance pupil (E). The image of the
aperture stop formed by the elements behind the stop is called the exit pupil (E‟).
A paraxial ray is a ray which makes a small angle to the optical axis of the
system, and lies close to the axis throughout the system. The paraxial marginal
ray is the ray from an on-axis object point passes through the edges of the pupils
and the aperture stop and to the image point. While the paraxial pupil ray is the
ray from an object point which passes through the centers of the pupils and the
aperture stop. The distance between the pupil ray and the optical axis defines
the size of the image. The marginal and pupil rays together characterize how
“spread out” the light is in area and angle.
The eye has a number of different axes that describe the optical properties of
the eye. Figure B-1 illustrates two of the most important axes. The first
important axis is the optical axis which defines the line joining the centers of
curvatures of the refracting surfaces. However, the eye is not perfectly
rotationally symmetric, and the four centers of curvature are not co-linear. Thus,
the eye‟s optical axis is the line of best fit through these non co-linear points.
The second important axis is the visual axis which defines the line joining the
object of interest and the fovea. The other important ocular axes are not shown.
The line of sight is the line joining the fixation point and the center of the entrance
pupil. The line of sight defines the paraxial pupil ray (i.e. chief ray). The fixation
axis is the line passing through the fixation point and the center of rotation of the
eye. The fixation axis is the reference for measuring eye movements. The
pupillary axis is the line passing through the center of the entrance pupil, and
which is normal to the cornea. If the eye was a centered system and the pupil
was also centered, the pupillary axis would lie along the optical axis.
Finally, the six cardinal points that lie on the optical axis help in the analysis of
the paraxial properties of the human eye. The cardinal points together with the
aperture stop, chief ray, and marginal rays of the optical system define the
locations and sizes of the entrance and exit pupils as well as the focal length and
magnification. Figure B-1 shows the approximate locations of the six cardinal
points within the human eye focused at infinity. The cardinal points are in three
pairs of two: focal points (F and F‟), principal points (P and P‟), and nodal points
(N and N‟). Light leaving the front focal point (F) passes into the eye, and would
be imaged at infinity after final refraction by the lens if the retina were not in the
way. Light parallel to the axis and coming into the eye from an infinite distance is
imaged at the back focal point (F‟). The principal points (P and P‟) are images of
(or conjugate to) each other such that their transverse magnification is +1. For
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example, an object placed at either of these points would form an erect image of
the same size at the other point. The nodal points (N and N‟) are also images or
conjugates, and a ray from an off-axis point passing towards N appears to pass
through N‟ on the image side of the system. This ray is referred to as the nodal
ray of the system. The nodal ray is inclined at the same angle to the axis on
each side of the system. Thus, when the off-axis point is the point of fixation this
ray is the same as the visual axis.

Ocular Wavefront Aberrations
Aberrations reduce the image quality of any optical system, such as the eye.
When the vision is corrected by ophthalmic lenses, the primary correction is that
of defocus and all remaining aberrations are defined as high-order aberrations
(HOAs). In addition to optical aberration factors, the quality of the visual system
also depends on neural factors (Atchison & Smith, 2000). These neural factors
include the size and spacing of the rod and cone retinal photoreceptor cells and
the levels of processing prior to and by the visual cortex. The relative importance
of the optical and neural factors depends on the size and location on the retinal
surface of the focused optical beam. The retinal image quality is well matched to
the neural network‟s resolution at pupil sizes of 2-3mm. Diffraction affects
dominate the optical performance stronger at smaller pupil diameters, and the
aberrations dominate when the pupil diameters are larger. The resolution in the
periphery visual field is more limited by neural factors than optical (Atchison &
Smith, 2000). When correcting defocus with ophthalmic lenses, one is actually
finding a balance between the defocus and all other aberrations. However,
several vision disorders, such as keratoconus and cataracts, exist that produce
elevated amounts HOAs.
Two examples of vision disorders that introduce high-order wavefront
aberrations, keratoconus and cataracts, either have an irregular corneal
curvature or optical opacities. The irregular curvature and opacities cause the
optical rays that transverse through them to deviate more strongly than the
surrounding tissue. Thus, the wavefront surface formed with the light rays with
the same optical phase creates an uneven structure within the surface that
depends on the severity and location of the irregular curvature and/or optical
opacities. The structure within the wavefront can often be described by the
familiar aberration patterns (e.g. spherical, coma). Keratoconus eyes have a
dramatic increase in several types of HOAs, particularly in coma-like aberrations
(Barbero, Marcos, Merayo-Lloves, & Moreno-Barriuso, 2002). Lens opacities
(e.g. cataracts) that cause intra-ocular scattering have been shown to have large
amounts of HOAs (Kuroda, Fujikado, Maeda, Oshika, Hirohara, & Mihashi, 2002;
Rocha, Nose, Bottos, Bottos, Morimoto, & Soriano, 2007; Fujikado, et al., 2004).
Cortical cataracts (close to surface of lens) predominantly had coma aberration,
while nuclear cataracts (center of lens) predominantly had spherical aberration
(Rocha, Nose, Bottos, Bottos, Morimoto, & Soriano, 2007).
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Aberrations of optical systems are represented in terms of an optical
wavefront surface (Atchison & Smith, 2000).
A wavefront is the collection of
points that join together making up a surface that all have the same optical
phase. Wavefront aberrations are measured as the deviation in optical path
length between the actual and an ideal wavefront, often specified in microns,
nanometers, or wavelengths. Figure B-2 illustrates the WFA created from the
light reflected light out of an eye from a near diffraction-limited spot on the retina.
This focused spot acts a secondary source (point source) that creates a bundle
of rays (green colored rays) that defines the WFA. The bundle of rays departs
out the exit pupil, and is refracted through each ocular element; thus optical
information is contained from each ocular surface. The shape of the surface,
which is everywhere perpendicular to all the rays in the bundle, describes the
wavefront of light reflected out of the eye (blue contour in Figure B-2). Optical
ocular imperfections are revealed by comparing the shape of the actual
wavefront reflected from the eye to a reference wavefront. For an ideal
emmetropic eye (normal), the reflected wavefront is approximately a plane wave
in the pupil plane. An eye with primarily defocus aberration has a spherically
shaped wavefront.

161

Figure B-2: Reflected wavefront shape caused by a diffraction limited point
source to determine the ocular optical aberrations. The wavefront aberration
W(ρ,θ) is defined as the distance between each point on the reflected wavefront
relative to an ideal reference wavefront.

Paraxial optics prediction (1st order theory or Gaussian Optics) is the most
basic theory describing the ocular optical performance described in the previous
Image Formation section (Born & Wolf, 2002; Atchison & Smith, 2000; Hecht,
2002; Wyant & Creath, 1992). Paraxial optics describes the optical defocus
aberration that occurs when the focal point does not lie on the retina surface (e.g.
hyperopia, myopia, astigmatism). However, the paraxial prediction‟s basic
assumption is that the refraction at a surface is approximated by sinφ~φ which
severely restricts the effectiveness near the optical axis. Utilizing an additional
term in the expansion of sinφ leads to an improved approximation of the optical
performance (i.e. 3rd order theory). The departures from the paraxial results are
embodied into five primary aberrations (i.e. Seidel aberrations) and classified into
two subgroups: those that deteriorate the image (e.g. spherical aberration, coma,
and astigmatism), and those that deform the image (e.g. Petzval field curvature
and distortion).
These various types of aberrations can be mathematically identified by
expressing the wavefront as a function. The aberration for any particular ray
within the bundle of rays depends on the point where it passes through the exit
pupil. If an X-Y coordinate system in the exit pupil is defined, the WFA can be
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expressed as a function (Atchison & Smith, 2000). The WFA for the ray is also a
function of the position of the object point in the field. The WFA function can be
expressed as a power series in these three variables and for a rotationally
symmetric system the WFA function is:
B-1
The first five terms in B-1 describe the Seidel aberrations (i.e. spherical
aberration, coma, field curvature, astigmatism, and distortion), first discussed on
page 162. The WFA function is written more elegantly in polar coordinates as:
B-2

.
The Seidel aberrations defined in B-1 and B-2 give the wavefront variations from
a spherically shaped wavefront.
Figure B-3 illustrates the departure of the wavefront aberration (ΔW) from an
ideal spherical wavefront for the five Seidel aberrations (Wyant & Creath, 1992).
The figure shows how the Seidel aberrations differ from a spherical wavefront,
corresponding to an eye with defocus, and show that the Seidel aberration
coefficients describe the magnitude of the difference. Higher-order aberrations
produce even more complex aberration patterns and depend on the index of
refraction mismatch and the irregularity of the ocular surface curvatures. To
analyze these higher-order aberrations, a different description of the aberrations
is required. One common technique is to describe the wavefront aberrations
using Zernike polynomials. The Zernike polynomials offer several useful
properties: they form a complete set, readily separated into radial and angular
contributions, and the individual polynomials are orthogonal over the unit circle.
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Figure B-3: Departure of the wavefront aberration (ΔW) from an ideal spherical
wavefront for the five Seidel aberrations (Wyant & Creath, 1992).
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Zernike Polynomial Description

Zernike polynomials are commonly used to describe wavefront
aberrations because of several useful properties that offer several advantages
over the traditional Seidel description (Wang & Silv, 1980; Born & Wolf, 2002;
Thibos). Zernike polynomials are a sequence of polynomials that are orthogonal
on the unit disk. The Zernike polynomials are defined in terms of the normalized
pupil radial coordinate (
), the polynomial order ( ) of the radial
coordinate, the polar angle (θ), and the frequency in the azimuthal direction (

):

,
,
,

B-3

where
.
The Zernike polynomials have certain properties that make them useful to
manipulate and analyze WFAs (Wang & Silv, 1980).
1. The values of n and m are always integers and satisfy m ≤ n, and n – m =
even.
2. They are invariant in form with respect to rotations of axes about the
center of the pupil.
3.
B-4

.
4.

,
where the Kronecker delta is

B-5

.
5. The Zernike polynomial orthogonality condition is:
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,
B-6

where the weighting function is written as

.
The Zernike basis functions, or "modes", can be systematically arranged
into a periodic table in the shape of a pyramid, shown in Figure B-4 (Thibos).
Each row in the pyramid corresponds to a given order of the polynomial
component of the function, and each column corresponds to a different
meridional frequency. Alternatively, one can use a single index notation to
describe the Zernike polynomial, and this is indicated by the numeral below each
image. However, the double index (n, m) designation that is shown in Figure B-4
is the preferred method (Thibos, Larry N; Applegate, Raymond A; Schwiegerling,
James T; Webb, Robert; VISA Standards Taskforce Members, 2002) and is
followed in this work. The first few Zernike polynomials and their corresponding
meanings are as follows:

,
-

,
-

,
,

B-7

-

,
-

,
,
.
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Figure B-4: Zernike basis functions visualized as a periodic table (Thibos).
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Radial order (n)

1

The Zernike expansion aberration function is written in terms of the
Zernike polynomials and the appropriate weighted expansion coefficients (
):

.

B-8

The weight applied to each basis function, or mode, when computing the sum is
called the aberration coefficient (
). Each Zernike coefficient is calculated
using the Zernike polynomial orthogonality property (i.e. each polynomial is
independent):

.

B-9

Each aberration coefficient is just a number, with physical units typically specified
in microns, or sometimes reported in the units of the wavelength of light. The
aberration coefficients of a Zernike expansion are analogous to the Fourier
coefficients of a Fourier expansion, which are in turn analogous to the energy
spectrum of a light source. Thus it is common to speak of the “Fourier spectrum”
of a waveform in the same way we may speak of the “Zernike spectrum” of the
eye‟s optical aberrations. The individual coefficients (
) are then found by
multiplying the Zernike expansion aberration function
and the
corresponding Zernike polynomial
, and then integrating over the area
of the unit circle:

.

B-10

The individual Zernike coefficients depict a specific amount of high-order
aberrations (e.g. spherical aberration, coma, trefoil, tetrafoil). Least squares
techniques can be used to compute the Zernike polynomial coefficients from an
experimentally measured wavefront as long as a sufficient number of terms are
included (Wang & Silv, 1980). Therefore, a complex aberrated wavefront
profile is described with the Zernike polynomial coefficients that individually
represent the different types of aberrations (B-7).
The eye‟s retinal image quality and optical performance can be analyzed with
the aberration maps themselves, and by examining the resulting fitted Zernike
polynomial coefficients (Thibos). Four common metrics that describe the optical
performance and the magnitude of the aberrations are: retinal image quality,
wavefront variance, root mean square error (RMSE), and equivalent defocus. A
map of the wavefront aberration can be used to calculate the retinal image
quality through the optical transfer function and the point spread function. The
wavefront variance is simply computed by summing the squared heights of every
point on the wavefront curve. The sphero-cylindrical refraction prescription (S, C,
α) can be mathematically described in terms of the lower-order Zernike
coefficients (Schwiegerling, Greivenkamp, & Miller, Representation of
videokeratoscopic height data with Zernike polynomials., 1995; Dorsch, Haimerl,
& Esser, 1998). Higher-order aberrations describe the optical characteristics of
the eye beyond these Zernike defocus orders (
). Spectacles alone cannot
correct these higher-order aberrations. An attractive feature of the set of Zernike
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functions is that they are mutually orthogonal, which implies that they are
independent of each other. A practical advantage of orthogonality is that the
amount of defocus, or any other type of aberration present in the aberration
function, doesn‟t depend on the presence of other modes. Thus, when the
wavefront aberration function is decomposed into Zernike polynomials the total,
or any other specific aberration, wavefront variance is just the sum of the
squared corresponding Zernike coefficients. The RMSE is another name for the
square root of wavefront variance, and the units describe physical dimensions of
the wavefront (e.g. nm, μm, wavelengths). For example, the RMSE describing
the high-order aberrations (e.g. order
), is written as:

.

B-11

Another convenient feature of the Zernike polynomials is that every mode,
except the zero-order mode (i.e. piston), has a mean value of zero. This puts all
of the modes on a common basis so different aberration relative magnitudes can
be easily compared. The precise aberration orientation is obtained by combining
all the azimuthal coefficients for a particular order. When the orientation is not of
concern, the RMS variance for a particular order is a useful description for a
specific type of aberration pattern (e.g. coma, trefoil, tetrafoil). Therefore, the
wavefront aberration maps and the Zernike polynomial coefficients provide
several valuable metrics that describe the retinal image quality and ocular optical
performance.
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APPENDIX C OPTICAL AND ELECRICAL HARDWARE
COMPONENTS
The following appendix describes the optical and electrical hardware
components used within the APR experimental design. The optical and electrical
components include an optical beamsplitter, near-infrared LED light sources, a
hot mirror, a computer monitor, a digital CCD camera, and a custom-built
electrical circuit. Figure C-1 shows an image of the experimental apparatus that
was used during the APR experiments.
Each of the three APR measurements (i.e. strabismus, refractive errors, and
high-order aberrations) relies on coaxial and light sources to be placed inside
and along the camera entrance pupil. One optical technique to accomplish this is
to image the APR light sources onto the detector plane using an optical beam
splitter (BS). Figure C-1 illustrates how the optical pellicle BS is used in the APR
experiment. The BS is an optical device that splits a beam of light in two. This
allows the APR light sources to be placed anywhere inside and also along the
detector. A typical glass BS has a double or “ghost” image. Thus, a pellicle BS
is used to reduce this “ghost” image. The separation between the primary and
“ghost” images is less than 4 µm at 45° (Edmund Optics). Thus the shift is less
than 1 pixel for the digital camera used during the APR measurements.
Chromatic and spherical aberration are negligible, and there is no change in the
optical path length. Figure C-2 shows the optical path of a pellicle and glass BS.
A 33R/67T pellicle BS is chosen in the APR optical design. The 33R/67T pellicle
BS reflects 33% of the radiation, and 67% is transmitted. An additional
eccentricity distance is introduced when the light sources are not in the same
plane as the detector (Bobier & Braddick, 1985). Therefore, careful optical
alignment must be made to ensure that the light source/BS separation is close to
that of the detector/BS separation.

170

Hot mirror
mount

Hot mirror

Artificial
Computer monitor
fake eye
(fixation target )

2-D LED light
source array
Optical
Beamsplitter

Custom-built
electrical circuit
Digital camera
and lens

Figure C-1: Picture of experimental photoscreening and photorefraction
components used to perform the Dynamic Hirschberg Test for strabismus and
the Adaptive Photorefraction refractive error measurements.
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Figure C-2: Optical path of pellicle and glass beam splitter illustrating the ghost
image.

An optimal light source illumination is essential to reduce chromatic
aberration, ensure the radiation doesn‟t affect the pupil diameter, and guarantee
adequate illumination. The selected APR light sources are near infrared (NIR)
light emitting diodes (LEDs) (Epitex). The LED peak wavelength (λp=810nm)
reduces the light source dependence on pupil diameter. Chromatic aberration
effects are reduced since the LEDs are nearly monochromatic (Δλ=35nm).
Figure C-3 shows the LED‟s wavelength (λ) intensity distribution. The LEDs are
driven to their maximum allowable constant current (100mA) to obtain the most
powerful radiant intensity (~120mW/sr). The pellicle BS reduces this radiation
since only 33% of the radiation is reflected into the eye, and 67% of the retinal
reflex intensity is transmitted into the detector.
The eye safety was
independently evaluated and approved by an Institutional Review Board
(University of Tennessee IRB # 7024 B). Therefore, the APR LED light sources
reduce the chromatic aberration, diminish the radiation pupil diameter effects,
and create an optimal IRID.
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Figure C-3: LED light source wavelength intensity distribution, and radiation
pattern (Epitex).

A hot mirror is used to reflect the NIR light source radiation into the eye,
but transmit the target‟s visible light to the subject (Edmund Optics). Figure C-4
shows the optical behavior of the hot mirror used, and the transmittance and
reflectance dependence on the optical wavelength. Therefore, the hot mirror
allows the subject to follow a fixation target to be placed at different distances so
that a wide range of gazing angles can be investigated during the strabismus
evaluation, and the target can be placed at a distant location to decrease
accommodation effects on the defocus measurement.
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Figure C-4: Hot mirror reflectance and transmittance characteristics (Edmund
Optics).

The portion of the retinal reflex intensity is acquired with a digital camera
detector. The appropriate digital camera requirements include: high speed, good
spectral response in the NIR region, good image quality, and an accurate
external triggering mechanism.
The camera selected is an inexpensive
commercial charge coupled device (CCD) camera (Prosilica). Lower center
portion of Figure C-1 shows the digital camera and lens used during the defocus
measurements. Eye movement errors are reduced by operating the camera at 60
frames per second (60fps). A CCD camera is chosen over a comparable
complementary metal oxide semiconductor (CMOS) camera because of the
better image quality. The camera acquires 12 bit images at the maximum
resolution (659x493 pixels). Figure C-5 shows the camera spectral response
which is good in the 810nm region, when compared with other commercial CCD
cameras. A visible cutoff (high pass) filter is inserted into the camera to eliminate
the environmental visible light from consideration. The camera‟s integrating
triggering mode is used to ensure the image is correctly exposed when the LED
pulse is on. Therefore, the APR camera can quickly and accurately capture the
portion of the retinal reflex intensity created by the particular light source.
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Figure C-5: Digital camera spectral response (Prosilica).

A custom-built electrical circuit is created to ensure accurate, repeatable
lighting conditions, and to generate an external trigger for the camera and LED
exposure time. The electrical circuit consists of two USB based automation
devices, relays, current limiting LED drivers, transistors, and logical OR gates
(lower left of Figure C-1). The USB automation device (LabJack) acts as an
interface between the controlling computer and the electrical circuit. The relays
serve as an electrical switch that open and close the LEDs electrical path, thus
turning it on or off. Current limiting LED drivers are required to ensure that each
LED has a similar electrical current, thus comparable output powers. The
commercial USB device combined with transistors provides the control
mechanism to switch the relays. Finally, the logical OR gates are used to
generate an external trigger for the camera exposure if any of the LEDs are on.
The camera‟s integrating triggering mode is used to determine the camera
exposure time when the external trigger is on. The OR gates turn on-off delay is
typically 14ns, the relays have a delay ~1ms, the camera‟s trigger latency is
14μs, and the USB device has a timing precision ~100μs. The camera‟s
exposure time can be considered to be equivalent to the light source pulse, since
the exposure times are always much longer (on the order of 10s of ms).
Therefore, the electrical circuit makes certain that the camera is correctly
exposing during any specified LED pulse time.
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APPENDIX D STRABISMUS SUPPLEMENT
The following appendix describes supplemental information to chapter 2. The
image analysis procedure for identifying the cornea and pupil centers and
supplemental eye movement results is provided. The corneal reflection
displacement relative to the pupil center in each PS image is used to evaluate
the eye‟s orientation. Afterwards all the PS image results taken along the fixation
target trajectory are combined producing an eye movement path, see page 38 for
additional information. Several additional eye movement paths are given here.

Image Analysis
After all the PS images are acquired, computer image analysis algorithms
are applied to calculate the pupil and corneal reflection center locations for each
individual image along the target‟s path. Figure D-1 shows a flow chart
describing the calculation of the corneal reflection displacement relative to the
pupil center as the subject‟s eye pursue the target trajectory. The pupil region is
determined by performing image thresholding techniques. The pupil location
described by the infrared retinal reflex is much brighter than the surrounding
area. Therefore, the image histogram intensity distribution can be used to
distinguish the corneal reflection and pupil regions.
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Calculate corneal reflection shifts
relative to pupil centers
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Figure D-1: Flow chart describing the calculation of the corneal reflection
displacement (shift) relative to pupil center as the eyes track the target trajectory.
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Figure D-2 shows the image intensity histogram, along with the final pupil
and corneal reflection regions. The lower pupil threshold value is found by
calculating the valley location separating the distinct intensity corneal reflection
and pupil regions from the image histogram. The valley pixel intensity location is
then used to transform the grayscale intensity image into a binary image. Every
potential binary pupil region is checked to ensure that it is approximately circular
shaped, and that the diameter is between 2-8 mm. The final binary pupil region
is found by labeling each connected region, and finding the region that most
closely resembles the expected pupil shape. If the calculated pupil region is
either too small or isn‟t circular shaped than it is eliminated from later analysis.
This might be caused if the subject blinks during the target trajectory. The pupil‟s
center is found by calculating the binary pupil region‟s center of mass (centroid).
The corneal reflection can then easily be found since the anterior corneal surface
reflects more light than any other ocular element. Therefore, the corneal
reflection is found by intensity thresholding according to the brightest pixels in the
calculated pupil region. The lower corneal threshold intensity value is asserted to
be the brightest retinal reflex pixel (BRRP) value not connected to this bright
corneal reflection region. Afterwards, the calculated BRRP is used to threshold
the pupil region to identify the entire corneal reflection. Once again, the corneal
reflection center is found by finding the corresponding centroid location. The
upper left image in Figure D-2 shows a cropped grayscale image of a single eye
showing the pupil and bright corneal reflection. The lower portion gives the
histogram over all intensity levels (left) and the histogram rescaled over the
upper intensity values (right), since the background pixel levels dominate. The
final processed image (upper right) shows the pupil region (white circle) and
corneal reflection region (inner black circle).
Finally, the corneal reflection
displacement is found by taking the difference between the measured corneal
reflection and pupil centers.
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Figure D-2: Illustration showing pupil and corneal reflection regions: original
image (upper left), final binary pupil and corneal reflection image (upper right),
intensity histogram over entire intensity range (lower left), and intensity histogram
above the background intensity pixels (lower right).
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Linear Least Squares Fit Test #2; y=x(-16.6)+5.7
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Figure D-3: Corneal reflection displacemnt vs. gazing angle results for test #2
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path.
The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.

180

Linear Least Squares Fit Test #3; y=x(-15.92)+4.96
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Figure D-4: Corneal reflection displacemnt vs. gazing angle results for test #3
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #4; y=x(-14.66)+5.03
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Figure D-5: Corneal reflection displacemnt vs. gazing angle results for test #4
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.

182

Linear Least Squares Fit Test #5; y=x(-16.59)+4.9
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Figure D-6: Corneal reflection displacemnt vs. gazing angle results for test #5
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #6; y=x(-14.57)+4.83
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Figure D-7: Corneal reflection displacemnt vs. gazing angle results for test #6
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #7; y=x(-17.62)+5.38
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Figure D-8: Corneal reflection displacemnt vs. gazing angle results for test #7
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #8; y=x(-14.67)+5.12
8
fitted curve
prediction bounds

6

Gazing angle ( )

4

2

0

-2

-4

-6
-0.1

0

0.1
0.2
0.3
0.4
0.5
0.6
Corneal reflection displacement (mm)
Figure D-9: Corneal reflection displacemnt vs. gazing angle results for test #8
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #9; y=x(-15.34)+4.75
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Figure D-10: Corneal reflection displacemnt vs. gazing angle results for test #9
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #10; y=x(-16.37)+4.89
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Figure D-11: Corneal reflection displacemnt vs. gazing angle results for test #10
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #11; y=x(-17.05)+5.8
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Figure D-12: Corneal reflection displacemnt vs. gazing angle results for test #11
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #12; y=x(-14.18)+4.82
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Figure D-13: Corneal reflection displacemnt vs. gazing angle results for test #12
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #13; y=x(-14.98)+5.15
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fitted curve
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Figure D-14: Corneal reflection displacemnt vs. gazing angle results for test #13
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #14; y=x(-15.91)+5.2
10
fitted curve
prediction bounds

8

Gazing angle ( )

6
4
2
0
-2
-4
-6
-0.1

0

0.1
0.2
0.3
0.4
0.5
0.6
Corneal reflection displacement (mm)
Figure D-15: Corneal reflection displacemnt vs. gazing angle results for test #14
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #15; y=x(-15.99)+4.98
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Figure D-16: Corneal reflection displacemnt vs. gazing angle results for test #15
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #16; y=x(-16.01)+4.79
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Figure D-17: Corneal reflection displacemnt vs. gazing angle results for test #16
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #17; y=x(-15.86)+4.83
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Figure D-18: Corneal reflection displacemnt vs. gazing angle results for test #17
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #18; y=x(-16.32)+6.31
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Figure D-19: Corneal reflection displacemnt vs. gazing angle results for test #18
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #19; y=x(-15.51)+4.81
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Figure D-20: Corneal reflection displacemnt vs. gazing angle results for test #19
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #20; y=x(-16.08)+5.82
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Figure D-21: Corneal reflection displacemnt vs. gazing angle results for test #20
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #21; y=x(-15.82)+4.36
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Figure D-22: Corneal reflection displacemnt vs. gazing angle results for test #21
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #22; y=x(-14.34)+4.94
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Figure D-23: Corneal reflection displacemnt vs. gazing angle results for test #22
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #23; y=x(-13.58)+4.38
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Figure D-24: Corneal reflection displacemnt vs. gazing angle results for test #23
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
.
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Linear Least Squares Fit Test #24; y=x(-15.38)+4.96
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Figure D-25: Corneal reflection displacemnt vs. gazing angle results for test #24
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.

202

Linear Least Squares Fit Test #25; y=x(-15.95)+4.4
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Figure D-26: Corneal reflection displacemnt vs. gazing angle results for test #25
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
.
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Linear Least Squares Fit Test #26; y=x(-17.05)+5.31
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Figure D-27: Corneal reflection displacemnt vs. gazing angle results for test #26
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
.

204

Linear Least Squares Fit Test #27; y=x(-16.5)+4.49
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Figure D-28: Corneal reflection displacemnt vs. gazing angle results for test #27
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #28; y=x(-14.57)+5.13
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Figure D-29: Corneal reflection displacemnt vs. gazing angle results for test #28
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #29; y=x(-15.39)+4.79
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Figure D-30: Corneal reflection displacemnt vs. gazing angle results for test #29
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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Linear Least Squares Fit Test #30; y=x(-16.03)+4.91
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Figure D-31: Corneal reflection displacemnt vs. gazing angle results for test #30
given in Table 2-1. The fitted linear curve, along with the 95% prediction bounds,
illustrates the expected binocular eye movement path. The calculated
Hirschberg ratio (HR) and kappa angle (K) describes the linear eye movement
per corneal reflection displacement and the fovea location.
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APPENDIX E REFRACTIVE ERROR SUPPLEMENTMENT
The following appendix presents the adaptive instrument control and
supplemental figures discussed in chapter 3. A feedback loop (i.e. adaptive
instrument control) is incorporated into the APR approach to determine the
required light source duration of radiation according to individual retinal
reflectance detected from the coaxial illumination. The flow charts describing the
procedure for acquiring experimentally measured integrated reflex intensity
distribution are discussed in section 3.2.b. Finally, the complete experimental
results are shown that describe the refractive error and defocus in terms of the
integrated reflex intensity distribution parameters, see the section 3.2.d.

Adaptive Instrument Control
The adaptive photorefraction (APR) system adapts the experimental
conditions, light source and camera signal level to ensure the optimal images are
acquired each and every time. First, a coaxial retinal reflex intensity image is
obtained just below the camera‟s pixel saturation level. The remaining light
source and camera signals are then calculated using this optimal coaxial signal
level, and calibration illumination data measured beforehand. The camera signal
level depends on the light source pulse duration (equivalent to camera exposure
time) and the camera gain setting value. The APR system uses the current
coaxial retinal reflex image information to calculate the signal level for the next
image. As a result, the camera signal level dependence on light source and
camera settings is essential. The next signal level ( ) depends on the current
retinal reflex image‟s signal level ( ), the change in exposure time (Δt= - ),
and the change in camera gain (ΔG= - ) according to:

,
.

E-1

E-2

Therefore, the desired next image signal level ( ; ,
) can be calculated
using the current signal level and camera settings ( ; , ).
The camera gain logarithmic and exposure time linear response
characteristics in equations E-1 and E-2 are experimentally verified by acquiring
intensity calibration images using a uniform reflection surface (white paper). The
irradiance is measured in five different regions, due to the non-uniform
illumination. The region size is chosen to represent a small pupil diameter.
Figure E-1 shows the regions to verify camera exposure time linearity and
camera gain logarithmic dependence on the irradiance.
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Figure E-1: Regions to verify camera exposure time linearity and camera gain
logarithmic dependence on the irradiance.

Calibration images are obtained using each individual light source
illumination and repeated ten times. The calibration images are taken with five
different exposure (exp) times: 10ms, 25ms, 50ms, 150ms, and 200ms. The
mean and standard deviation pixel value in each region is calculated to verify
intensity dependence characteristics. Figure E-2 and Figure E-3 show a
representative example, obtained from the coaxial LED at the center region,
illustrating the exposure time and gain dependence on the measured irradiance.
Figure E-2 verifies the linearity of the intensity with the exposure time. While,
Figure E-3 verifies the logarithmic dependence on the camera gain setting.
Therefore, the next retinal reflex signal ( ) is expected using the initial signal
level ( ), and then applying E-1 and E-2 to the known camera exposure time
( ) and gain ( ).
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Figure E-2: Verifying camera exposure time linearity dependence on the
irradiance using mean pixel value and standard deviation from 10 repeated
measurements.

211

Figure E-3: Verifying camera gain logarithmic dependence on irradiance using
mean pixel value.
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The best IRID dynamic range is found when the coaxial reflex image is
just below pixel saturation. The retinal reflex intensity depends on the subject‟s
retinal reflectance, defocus, and pupil diameter. The optimal retinal reflex
intensities should not exceed the camera‟s pixel saturation value to achieve the
detector‟s maximum dynamic range. The saturated pixel value for the 12 bit
image is 4095. The coaxial retinal reflex always has the greatest integrated
intensity among all the other retinal reflex images. Thus, the light source and
camera settings used to acquire the coaxial retinal reflex, just below pixel
saturation, are used to calculate the remaining light source and camera settings.
The subsequent image acquisition, processing, and instrument control are all
performed using customized LabVIEW (National Instruments) software
algorithms.
The coaxial retinal reflex image is found by continuously changing the light
source and camera settings until the image is just below pixel saturation. Figure
E-4 shows a flow chart describing the procedure to obtain the coaxial retinal
reflex intensity image. The coaxial retinal reflex image always forms a bright,
nearly uniform, intensity pupil region. In contrast, the eccentric images have a
crescent intensity distribution or no intensity at all. The pupil and corneal
reflection are found by performing intensity thresholding image analysis
techniques, described in the Image Analysis section in APPENDIX D. However,
the corneal reflection now has no valuable information and is eliminated, since it
does not correspond to the retinal reflex intensity. The brightest retinal reflex
pixel (BRRP) value, not connected to this corneal reflection region, is associated
to the greatest intensity in the real retinal reflex signal. Therefore, the calculated
BRRP intensity value is used to optimize the next coaxial image light source and
camera settings. The calculated BRRP is checked to see if it is close to the
optimal pixel intensity (OPI). The OPI is defined to be a 3800 pixel count,
corresponding to 93% of the saturated pixel intensity. If the BRRP is within an
appropriate intensity range (3800±100 or 93% ± 2.5%), this is determined to be
the optimal coaxial light source and camera gain setting. Otherwise, a correction
factor for the light source and camera settings is calculated based on the BRRP.
The correction factor is the ratio of the desired OPI value (3800) to the current
pixel intensity (CPI) value (i.e. BRRP):
E-3

.

The calculated correction factor is then multiplied with the current light source
and camera settings to obtain the settings for the next coaxial image. This
procedure is repeated until the desired BRRP value is obtained. The final
optimal coaxial retinal reflex image is just below the camera saturation pixel
value.
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Figure E-4: APR instrument control flow chart describing the calculation of the
optimal coaxial retinal reflex intensity image used in the defocus detection.
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The coaxial light source and camera settings, along with pre-calculated
intensity calibration information, are used to determine the remaining exposure
time and camera gain settings for the remaining eccentric images. The
irradiance entering the eye‟s entrance pupil depends on the light source‟s
angular orientation and any intensity differences due to the LED construction.
Therefore, to match the remaining light sources irradiance to the coaxial light
source irradiance requires pre-calculated intensity calibrations using all the
individual light sources and their angular orientation. The upper portion of Figure
E-5 shows a flow chart describing the procedure to initialize the remaining
eccentric camera signal levels. A pre-calculated intensity calibration image is
acquired for each light source using a uniform reflection surface with the same
exposure time and camera gain setting. The entering pupil irradiance for each
light source is then calculated as the integrated pixel intensity values inside the
calibration image that correspond to the coaxial pupil pixel locations. This is
done by multiplying the coaxial pupil mask, shown in the appendix Figure D-2,
with each of the calibration images. The entering pupil irradiance is then
calculated by integrating the intensity in this region of the calibration image. The
ratio of the coaxial pupil irradiance and the other pupil irradiances for each light
source is then calculated. This irradiance ratio corresponds to the ratio between
the coaxial pupil irradiance to the other light sources. Then, the remaining light
source exposure times and camera gains are calculated using the ratio and
previously determined coaxial image exposure time and camera gain. Therefore,
the remaining APR images have a similar irradiance signal as the previously
calculated coaxial irradiance signal but all have different exposure times and
camera gains. The remaining images are rapidly acquired using these calculated
exposure times and camera gain settings. The lower portion of Figure E-5 shows
a flow chart describing the procedure to acquire the remaining eccentric images
and to ensure that any of the eccentric images are not saturated. In most cases
the pupil image is not saturated with the initialized signal level, but sometimes a
portion of the acquired pupil image is saturated. This may occur if the defocus is
large, the corneal reflection is shifted, or if the calculated ratio is incorrect.
Therefore, a final check is performed to ensure that the remaining pupil images
are not saturated. If more than 3% of the pupil image‟s pixels are saturated, the
exposure time and/or camera gain are reduced. The unknown BRRP value is
always higher than 4095; therefore, a correction factor is calculated using
equation E-3 and a BRRP value of 4095. The exposure time and camera gain
are then recalculated, and the image is retaken. The procedure is repeated until
the pupil image is not saturated. This is performed for each of the retinal reflex
images using the corresponding light source and camera settings. For that
reason, the images have comparable pupil irradiances, and any saturated retinal
reflex signals are eliminated.
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Figure E-5: APR instrument control flow chart illustrating how the eccentric
camera signals are initialized and how the remaining eccentric images are
acquired.
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Finally after all the images are acquired, the integrated reflex intensity
distribution (IRID) is calculated. Figure E-6 shows the flow chart describing how
the integrated reflex intensity is determined for each APR image. Every light
source does not illuminate the same amount throughout the camera‟s field of
view, so a correction factor must be applied to the integrated reflex intensity. The
correction factor is required to correct the different light source incoming radiant
flux that enters the pupil. The incoming pupil‟s radiant flux is calculated using the
signal strength (exposure. time and gain) used to capture the pupil image, and
using calibration images obtained with five different exposure times. The linear
relationship between the integrated intensity in the calibration images and the
specified exposure time is found for the exact pupil location, determined from the
coaxial pupil mask (see Figure D-2 in the appendix for an example). Then the
exposure time, used to capture the pupil image, is used in the calculated linear
relationship to determine the pupil‟s incoming radiant flux. The pupil‟s integrated
intensity is found by summing all the pixel intensity values within the entire pupil
region for each of the 21 images. The pixels within this region are added
together to obtain the integrated reflex intensity for this particular image. The
integrated reflex intensity, for the particular image, is then corrected by
multiplying the ratio between the max pupil radiant flux and the particular radiant
flux. Thus, the integrated reflex intensity is calculated such that the pupil‟s
radiant flux is the same for every image. Afterwards, the minimum integrated
reflex intensity from all 21 images (from the two distant eccentric light sources) is
subtracted from each of the integrated reflex intensity values. This allows the
background multiple retinal reflections to be eliminated from the retinal reflex
distribution. Then, the integrated reflex intensity is normalized to the coaxial
integrated intensity. This is required to self-calibrate the IRID according to the
max reflex intensity from each subject. Finally, the 2-Dim IRID is given by the
corrected integrated reflex intensity and the corresponding light source position.
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Figure E-6: Flow chart describing how the integrated reflex intensity is
determined for each APR image when calculating the defocus.
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Figure E-7: Integrated reflex distribution dependence on gazing angles
perpendicular to the light-source/detector angular orientation illustrating that the
distribution width decreases for myopic and increases for hyperopic eyes when
the gazing angle increases (3mm pupil diameter).
219

1

Normalized PR Reflex Intensity (a.u.)

0.8

Rx= -5 D

Gaze
Study

3-mm
pupil dia.

1

0.6

0.4

0.4

0.2

0.2

-10

0

1

0

10

3-mm
pupil dia.

0.8

0.6

0

Rx= +5 D

-10

0

10

1

Rx= +3 D

0.8

3-mm
pupil dia. 0.8

3-mm
pupil dia.

0.6

0.6

0.4

0.4

0.2

0.2

Rx= -3 D

0

-5

0

1

0.8

0.6

0

5

Gaze
0
15
30
45

0

5

Rx= +1 D

3-mm
pupil dia. 0.8

3-mm
pupil dia.

0.6

0.4

0.4

0.2

0.2

0

-5

1

Rx= 0 D

0

0

-5

0

5

PR Eccentricity in gaze direction (mm)
Figure E-8: Integrated reflex distribution dependence on gazing angles along the
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increase with the gazing angle (3mm pupil diameter).
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Figure E-9: Simulated integrated reflex intensities (circles for hyperopic and x’s
for myopic results) from the average human eye model, and the corresponding 1Dim fitted Gaussian distribution curves (solid for hyperopic and dashed for
myopic results) for a 3mm pupil diameter illustrating that the simulated results
can be approximated using the width parameter: -1D (black); 2D and -4D
(green); 4D and -6D (orange); 7D and -9D (red).
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Figure E-10: Simulated integrated reflex intensities (circles for hyperopic and x’s
for myopic results) from the average human eye model, and the corresponding 1Dim fitted Gaussian distribution curves (solid for hyperopic and dashed for
myopic results) for a 7mm pupil diameter illustrating that the simulated results
can be approximated using the width parameter: -1D (black); 2D and -4D
(green); 4D and -6D (orange); 7D and -9D (red).
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Figure E-11: Calculated FWHM parameter dependence on the refractive error
for a 3mm pupil diameter illustrating the linear relationship between reflex width
and the defocus when away from neutralization(-1D).

Figure E-12: Calculated FWHM parameter dependence on the refractive error
for a 7mm pupil diameter illustrating the linear relationship between reflex width
and the defocus when away from neutralization(-1D).
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Figure E-13: Integrated reflex intensity ratio between the coaxial and 5mm light
source positions dependence on the refractive error for a 3mm pupil diameter
illustrating that this intensity ratio can describe defocus near neutralization(-1D).

Figure E-14: Integrated reflex intensity ratio between the coaxial and 5mm light
source positions dependence on the refractive error for a 7mm pupil diameter
illustrating that this intensity ratio can describe defocus near neutralization(-1D).
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Figure E-15: Experimental fake eye integrated reflex intensities (points with error
bars) compared with the theoretical prediction (line) for a 3mm pupil diameter: 1D (red); 0D and -2D (green); 1D and -3D (blue); 2D and -4D (purple); 4D and 6D (cyan).
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Figure E-16: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a -6D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-17: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a -4D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-18: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a -3D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-19: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a -2D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-20: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a -1D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-21: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a 0D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-22: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a 1D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-23: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a 2D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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Figure E-24: 2-Dim fitted integrated retinal reflex intensity Gaussian distribution
with a 3mm pupil and a 4D refractive error. The upper right image shows the
projection of the fitted surface along the x-y plane (dotted red line shows the 2
principal meridians).
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FWHM vs. refraction: 3mm pupil diamter
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Figure E-25: Experimental Gaussian distribution fitting widths (FWHM)
compared with the widths from the theortical thin lens and the average human
eye model for a 3mm pupil diamter. The symbols indicate the experimental
results: red circle’s ο correspond to the max width, the green x’s x correspond to
the min width, and the magenta triagle’s Δ correspond to the average of the two
widths. The two solid curves indicate the theortical prediction results: black line
correspond’s to the thin lens eye model and the blue line corresponds to the
average human eye model lens.

235

Intensity ratio vs. refraction: 3mm pupil diamter
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Figure E-26: Experimental integrated intensity ratio, between coaxial and 5mm
eccentricity, and the ratios obtained from the theortical thin lens and the average
human eye model for a 3mm pupil diamter. The symbols indicate the
experimental results: red circle’s ο correspond to the max width, the green x’s x
correspond to the min width, and the magenta triagle’s Δ correspond to the
average of the two widths. The two solid curves indicate the theortical prediction
results: black line correspond’s to the thin lens eye model and the blue line
corresponds to the average human eye model lens.

236

APPENDIX F HIGH-ORDER ABERRATIONS
SUPPLEMENTMENT
The following appendix presents supplemental figures for chapter 4 HIGHORDER ABERRATION DETECTION. A feedback loop (i.e. adaptive instrument
control) is incorporated into the APR approach to determine the required light
source duration of radiation to ensure that each retinal reflex image has a similar
background intensity. A flow chart is presented that describes the procedure to
obtain the APR images that are used later to detect high-order aberrations, see
Experimental Approach – High-Order Aberrations section. Finally, a figure
illustrates how an APR image is reconstructed using all the computed Zernike
coefficients, and how the APR image is composed of different combinations of
Zernike polynomials, discussed in the Zernike Polynomial Analysis section.
Adaptive Instrument Control
To quickly converge to the most favorable retinal reflex image requires
that the initial reflex intensity level depends on racial retinal reflection differences.
When the initial reflex intensity level is too high or too low, the optimization
procedure will require several images before an appropriate signal level is
obtained. This decreases the total APR measurement time, and can burden the
subject and introduce eye orientation differences between the APR images.
Numerous studies have investigated the retinal elements that affect the retinal
reflectance (Van Norren & Tiemeijer, 1986; Delori & Pflibsen, 1989). Later,
absorption coefficients, scattering coefficients, and anisotropy of scattering were
calculated for the individual retinal layers (Hammer, Roggan, D, & Muller, 1995).
The magnitude and shape of the fundus spectra is significantly affected by the
amount of melanin (pigment that gives skin its color). As the degree of
pigmentation increase, the reflectance of the melanin dominates that of blood.
Caucasians have the least amount of melanin; African Americans have the most;
and the remaining races are somewhere in between. The induced NIR retinal
reflex intensity is the largest for Caucasians for whom the blood reflectance
dominates. These racial differences are taken into account to reduce the number
of images before the optimal light source and camera signals are found.
Previous signal levels obtained with the same race as the subject under
investigation are used to initialize the current signal levels. Previously measured
light source and camera signal levels (e.g. exposure time and gain) are used to
initialize the signal levels for the current measurement. An intensity initialization
data file is created for each individual race from previous APR measurements.
The data file contains the signal ratio between the coaxial image and the signal
levels from the remaining 12 images. Thus, after the optimal coaxial signal level
(first APR image) is determined the pre-calculated race dependent signal ratios
are used to determine the remaining signal levels. Therefore, less time is
required to acquire the best reflex images, and the subject is more comfortable
and eye movements between images are reduced.
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The APR system optimizes the signal level such that every pupil image has a
similar retinal reflex background intensity level.
The image acquisition,
processing, and instrument control are performed using customized LabVIEW
(National Instruments) software algorithms.
Figure F-1 shows the APR
instrument control flow chart used to measure high-order aberrations. The
optimal camera signal and pupil image is first found for the coaxial retinal reflex.
The optimal camera signal is found in a similar procedure as before using
equations E-1, E-2, and E-3. The HOA detection camera now acquires 8-bit
pixel images, and the optimal image signal level (S 2) is defined differently. The
optimal pixel intensity (OPI) is now defined as the average pixel intensity (API)
value in the pupil image. An OPI value of 140±10 (8-bit value) is chosen to
ensure that each image is not saturated and that sufficient reflex intensity
variation exists. The optimization procedure is repeated until the desired
average value is obtained. If the API doesn‟t converge to the desired OPI range
(140±10), after a number of images or too much time elapses, the image is
skipped and the signal level still has the initialized values. This can occur in the
outer light source images if the subject has the same refractive error as the
neutralization and no HOAs exist. This procedure eliminates unacceptable
retinal reflex data (e.g. saturated or low-level intensity pixel levels) that have
typically plagued single-shot retroillumination measurements (Vivino, Mahurkar,
Trus, Lopez, & Datiles, 1995). Each pupil image will also have a large intensity
variation if any HOAs are present. Therefore, each final retinal reflex image has
a similar reflex intensity, so that any intensity variations caused by HOAs can
easily be identified and analyzed.

238

loop n=0-12 & repeat
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display & save
pupil image;
(radius+15 pixels)

display pupil area
if Gn=0, reduce En
En = En*M n/M p
otherwise, Gn=0

if all 13 are T,
STOP & Sound.

F_count=
F_count+1

if F_count<10
repeat same image
otherwise, next image

Figure F-1: APR instrument control flow chart illustrating the procedure for
detecting HOAs.
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Zernike Analysis
The pre-processed APR images (see section 4.2.b) are decomposed into Zernike
polynomials for each image. The coefficients are calculated using the least
squares technique up to the 6th Zernike polynomial order. Figure F-2 (top row 2nd
from right) shows an example of the complete Zernike decomposition results
from the image shown in Figure 4-5. Different combinations of the Zernike
coefficients are also created to determine which of the individual Zernike
coefficients are valuable when detecting HOA changes. Figure F-2 shows an
example of several different reconstructions using different Zernike coefficient
configurations. Table F-1 gives a description of each Zernike decomposition
image shown in Figure F-2 that provides the type of aberration it represents (e.g.
defocus, coma) and the corresponding Zernike expression. The tilt terms largely
describe the degree of the defocus, because of the crescent reflex intensity
pattern. APR images obtained from vision problems with high-order aberrations
(e.g. keratoconus) involve an increased amount of higher-order coefficients (e.g.
coma, trefoil) when compared with the astigmatism subjects. Therefore, the
fitted Zernike coefficients can now be used to analyze the measured APR data.
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Figure F-2: Zernike decomposition of a retinal reflex image illustrating the
complete reconstruction and different Zernike polynomial contributions. The
original image before Zernike decomposition (upper left image) is reconstructed
using the complete Zernike expansion up to the 6th order (top row 2nd from left
image). The remaining images are individual Zernike contribution combinations
(described in Table F-1) used to identify which Zernike coefficients can effectively
identify HOAs from the reflex intensity images.

241

Table F-1: Description of the Zernike decomposition images shown in Figure F-2
used to illustrate several reconstructed Zernike expansions of an APR image.
Image Location;
Image
row, column
Description
Upper, left
Original image
Upper, 2nd from left Complete
Zernike
reconstruction
Upper, 3rd from left
Upper, 4th from left

Middle, left

Zernike Representation

Defocus
and
coma
Defocus, coma,
and trefoil
Tilt

Middle, 2nd from Defocus
left
Middle, 3rd from left Astigmatism
Middle, 4th from left Defocus
and
astigmatism
Lower, left
Coma
Lower, 2nd from left Coma and trefoil

Lower, 3rd from left

Sum of 4th order
to 6th order

Lower, 4th from left

Sum of 1st order
to 3rd order
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